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Abstract
This thesis is devoted to the empirical analysis of how externalities—the
nonexistence of private markets in some good or the absence of sufficient
incentives to establish such markets— affect firm performance and growth. A
minor part investigates a direct link between positive externalities, in the form of
localized knowledge spillovers, and firm growth, by testing the so-called local
export spillover hypothesis: Exporting firms in a region may reduce export entry
costs for other local firms through export-related informal knowledge and
information flows. The results support the notion of the role of such local
externalities as external input into firms’ export-specific knowledge function,
while also providing some support for such export spillovers being more
important in contract-intensive industries and small firms.
The bulk of my articles examines indirect performance effects of negative
pollution externalities. This type of externality calls for formal, as well as
informal, institutions that take corrective measures to make polluting agents pay
the social and environmental cost of their emissions, thereby restoring the social
efficiency losses caused by those externalities. The operational tool to achieve an
internalization of the social and environmental costs brought about by pollution
externalities is environmental policy, with laws and regulations constituting
common policy manifestations. In other words, protecting human health and the
environment is the primary purpose of environmental policies. Increasingly, the
economic growth paradigm of modern market economies has added a second
argument to polluting societies’ welfare function: economic growth.
Harmonizing these two arguments—social and environmental well-being and
economic welfare—has traditionally been considered difficult, with conventional
wisdom arguing that environmental regulation of polluting agents is costly and
ultimately detrimental to growth. Harvard professor Michael Porter, in his widely
debated Porter Hypothesis, has challenged this entrenched view, arguing that
environmental policy, if ‘well-designed,’ can attain a ‘double dividend’ or ‘winwin’ situation of simultaneous environmental and economic benefits. The
present thesis aims to find empirical evidence of Porter’s reasoning. Using
microdata on the Swedish pulp, paper and chemical industries, it attempts to
empirically analyze whether there are adequate institutional configurations in the
form of properly crafted environmental policies that allow for an internalization
of pollution externalities such that a ‘win-win’ situation characterized by the
simultaneous accomplishment of environmental benefits for society and
economic benefits for the polluting agents can be created. The empirical results
suggest that environmental regulation, if properly designed, indeed can induce
mutual environmental and economic benefits, which provides valuable
implications for modern environmental policy.
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PART I
Introduction and Summary
of the Thesis
Jan F. Weiss

1 Introduction
1.1 The Economics of Externalities
This thesis is devoted to the empirical analysis of how externalities affect firm
growth. In general, externalities occur whenever the utility or production function
of one economic agent is affected by the unintended or incidental by-products
of the activity of another economic agent (Coase 1960, Buchanan and
Stubblebine 1962). A somewhat stricter definition for externality is given by
Baumol and Oates (1988, p.17n) who argue that for an externality to arise the
economic agent, whose action impacts others’ production functions or utility
levels, “does not pay (receive) compensation for this activity an amount equal in
value to the resulting benefits (or costs) to others.” The latter definition becomes
particularly interesting when it comes to economic welfare analysis, which is
devoted to examining the undesirable effects of externalities, such as resource
misallocations and inefficiencies (Pigou 1932, Pareto 1971). In view of the above,
externalities can be thought of as nonexistence of private markets in some good
and the absence of sufficient incentives to establish such markets, respectively.
Indeed, as Heller and Starrett (1976, p.20) note, “all externality problems can be
traced to some more fundamental problem having to do with market failure.”
One major dimension of market failure discussed by the authors relates to the
difficulty in defining private property rights. Setting up property rights becomes
problematic when goods have a public good-nature, that is, when they are (i)
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non-exclusive or (ii) non-rival (Gowdy and O'Hara 1995). When goods are nonexclusive, it is costly (or even impossible) to exclude agents from consuming such
goods, while it actually would be desirable. For instance, when air or water
emissions occur, excluding people from consuming polluted air or water would
be desirable but is costly, which complicates the definition of property rights in
the presence of such pollution externalities (Heller and Starrett 1976). Coase (1960)
argued that without policy intervention, the private cost of using a common
resource such as clean air and water will be below the social cost, which will result
in an over-exploitation of the public good, and a loss in social welfare. Hardin
(1968) referred to this phenomenon as the ‘tragedy of the commons.’
Goods are non-rival when one person’s consumption of the good does not
prevent others from consuming it. (Gowdy and O'Hara 1995). A prime example
is knowledge, which has a tendency of being created and used by one agent,
thereby spreading to, and benefitting, other agents at no extra cost (Nooteboom
and Stam 2008). Economists refer to this process as knowledge spillovers: “Any
original, valuable knowledge generated somewhere that becomes accessible to
external agents, whether it be knowledge fully characterizing an innovation or
knowledge of a more intermediate sort.“ (Foray 2004, p.91). They key feature
distinguishing knowledge spillovers from more formalized and market-based
knowledge flows is the absence of pecuniary transactions between knowledge
source and recipient, and the tendency of knowledge to be transferred in an
unintentional manner, thereby boosting the recipient’s returns (Saxenian 1994,
Malmberg and Maskell 2002).
The terms ‘innovation,’ used in the above-mentioned knowledge spillover
definition, and ‘economic growth’ require conceptual clarification, because both
concepts play a central role in the empirical articles. ‘Innovation’ is derived from
the Latin words innovatio (novelty, renewal, change) and innovare (to renew, to
change), and can hence be translated as “to introduce a novelty.”1 Schumpeter
labeled innovation as the rearrangement of pieces of knowledge in an entirely
new manner (Schumpeter 1934, p.74). Nowadays, the innovation process is
strongly linked to the economic realm; it encompasses the creation of an
innovation through invention, and its subsequent diffusion among agents—
always with an economic purpose. Traditionally, innovation has been somewhat
restrictively associated with technological change, involving the introduction of
a new good (product innovation) or production method (process innovation). In
that context, a distinction is made between radical and incremental innovation.
Incremental innovations are characterized by minor changes to existing products
or processes, whereas radical innovations are equivalent to a technological
discontinuity (Kemp and Pontoglio 2011). Increasingly, the notion of innovation
also includes organizational change and reconfigurations, such as the expansion

See Duden – Die deutsche Rechtschreibung (2015), retrieved on January 2, 2015 at
http://www.duden.de/rechtschreibung/Innovation.
1
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to a new market (Nooteboom and Stam 2008). I will use such a broad definition
of innovation in this thesis.
Firm growth is a universally accepted measure of, and prerequisite, for
economic welfare and prosperity.2 I define firm growth in a rather sloppy way:
first of all via common growth indicators such as productivity, efficiency and
export performance. Moreover, I measure growth indirectly through the abovedefined concept of innovation—which is considered the key driver of national
economic growth, in particular via the development and diffusion of
technologies (Baumol 2004, OECD/EC 2005). This implies that growth results
not only from knowledge creation but also from the widespread adoption of
knowledge (technologies, business practices, etc.) developed in the most
productive countries, sectors or organizations. This is commonly referred to as a
catch-up effect (De Vries 2008)—with knowledge spillovers acting as an
important transmission channel in that context.
Pollution externalities and knowledge spillovers are the two types of
externalities my thesis is focused at. Its purpose is to empirically investigate how
both contribute to the above introduced notion of growth. As regards pollution
externalities, I will examine their indirect impact on growth—via an
intermediator who I will refer to as ‘formal’ and ‘informal’ institutions (North
1990). I will argue below that informal institutions also are important for the
analysis of how knowledge spillovers affect growth, although I at the same time
stress the key role played by geographical proximity.

1.2 Institutions and Growth
Institutions, according to North (1990, p.3n), “are the [formal and informal] rules
of the game in a society or, more formally, are the humanly devised constraints
that shape human interaction. In consequence, they structure incentives in
human exchange, whether political social, or economic.” The growth literature’s
quest for fundamental causes of growth has increasingly identified wellfunctioning institutions as key growth driver (Barro 1996, Acemoglu, Johnson et
al. 2001, Acemoglu 2009).3 In other words, it is more and more acknowledged
that in a well-performing economy, social and politico-economic factors interact
with institutional variables in a manner conducive to economic growth. This
thesis goes back to North (1990, p.112) who states, “The polity and the economy
are inextricably linked in any understanding of the performance of an economy,”
whereby a “set of institutional constraints defines the exchange relationships
between the two and […] determines the way a political/economic system
works.”
Regarding knowledge spillovers, I am not able to empirically disentangle knowledge fulfilling
the criteria of an innovation and rather intermediate knowledge (see Part 5).
3 MR discuss heterogeneity in institutional endowments with regard to complementary
innovation policy. (Mohnen and Röller 2005)
2
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Institutions are conceptually distinguished from organizations, a second
pivotal element of North’s framework. These organizations, or “players”,
develop as a consequence of a given institutional framework. They include
economic organizations (firms, trade unions, etc.), political bodies (political
parties, civil servants etc.), social associations (churches, clubs etc.), and
educational organizations (universities, schools etc.). Both what organizations
emerge and how they evolve is predicated in large part on the incentives given
by the institutional framework. (North 1990, p.110) asserts: “The specific
institutional constraints dictate the margins at which organizations operate and
hence make intelligible the interplay between the rules of the game and the
behavior of the actors.”
Formal institutions are but one part of the normative rules implied by these
constraints—and thus but one determinant of the interplay between these rules
and organizational behavior. Hence, they constitute only one explanatory factor
of economic performance. A second at least as important contribution to growth
is made by informal institutions, or the informal rules of the game. As North
(1990, p.6) emphasizes, “although formal rules may change overnight as the
result of political or judicial decisions, informal constraints embodied in customs,
traditions, and codes of conduct are much more impervious to deliberate policies.
These cultural constraints not only connect the past with the present and future,
but provide us with a key to explaining the path of historical change.”

1.3 Purpose, Methodology, and Organization of the
Thesis
1.3.1

Pollution externalities, Institutions, and Firm
Performance

The bulk of the present thesis aims at analyzing the impact of pollution
externalities on firm growth. Pollution externalities require—primarily formal—
institutions that take corrective measures to make polluters pay the social and
environmental cost of their emissions, thereby restoring the social efficiency
losses caused by those externalities (Coase 1960, Heyes and Liston 2006).4 The
operational tool to achieve an internalization of the social and environmental
costs brought about by pollution externalities is environmental policy, with laws
and regulations constituting common policy manifestations—and typical
examples for formal institutions if one were to use North’s taxonomy.
Even informal institutions in the form of customs, traditions, and codes of conduct may
matter here. For example, changing societal preferences may cause an increase in the demand
for environmental quality, which in turn can be expected to trigger changes in formal
institutions via a tightened environmental policy (North 1990, Lindmark and Bergquist 2008).
4
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But there is another argument in polluting societies’ welfare function besides
the imperative to restore social efficiency through proper environmental policies:
economic growth. It is the harmonization of these two arguments—social and
environmental well-being and economic welfare—that has turned out to be the
true institutional challenge, sparking a vivid academic and policy debate. The
essential reason is that environmental regulation has usually been considered
costly for polluting firms and thus detrimental to the growth paradigm of modern
market economies (Palmer, Oates et al. 1995). On the other hand, one could raise
the question to what extent this reasoning accounted for the potential role that
institutions can play in aligning the seemingly incompatible dual policy goals of
improved environmental quality and economic growth. One could wonder to
what degree it may be feasible to set up formal and informal institutional
arrangements that optimize the interplay between the rules of the game and the
organizations operating under the institutional framework—such that a
sustainable growth trajectory can be accomplished.
This brings me to the first major research question of the thesis. Is there an
institutional configuration making it possible that pollution externalities will be internalized
such that a ‘win-win’ situation characterized by the simultaneous accomplishment of
environmental benefits for society and economic benefits for the polluting agents, and ultimately
for the economy as a whole, can be created? In this thesis, I will argue that such
simultaneous achievements of environmental and economic benefits indeed are
possible; they depend to a large extent on how environmental policy is designed.
The evidence I will provide is based on own econometric tests (in Parts 2 to 4)
as well as on a sound review of the theoretical and empirical literature on the
topic (in Section 3 of this thesis part), in particular the widely debated study by
Porter and van der Linde (1995a).
My empirical analyses use panel data on Swedish pulp and paper plants. One
might think that this comes as no surprise, given the fact that I have written my
PhD Thesis at a Swedish University. The truth is more subtle, however. Sweden’s
institutions are a highly insightful study subject as regards the harmonization of
environmental and economic goals. This applies not only to the country’s formal
institutions in the form of environmental policy but also its informal institutions
in that context. These informal rules of the game, while difficult to measure
empirically, are characterized by a policy style based on trust, long-term
cooperation and consensus between regulatory authorities and polluting firms.
This includes the transfer of knowledge and information among public research
institutes, regulators and firms, for example in the context of common projects
dedicated to environmental research and development (R&D) (Porter and Van
der Linde 1995b, Lindmark and Bergquist 2008, Bergquist, Söderholm et al.
2013). Section 6 of the present thesis part outlines the Swedish institutional setup
with regard to environmental regulation of polluting industries.
This part of the thesis contributes to the literature in various ways. First, I
make a contribution to the literature on ‘win-win’ environmental policy—a
controversially debated policy topic (Palmer, Oates et al. 1995) that has its roots
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in the so-called Porter Hypothesis (PH) (Porter and van der Linde 1995a). As
shall be discussed in Section 3, inducing growth via innovation is a key element
of ‘win-win’ policy. This involves internalizing not only the market failure
associated with pollution externalities but also market imperfections related to
the innovation and diffusion of environmentally benign technologies, including
underinvestment in new knowledge due to knowledge spillovers (Jaffe, Newell
et al. 2005, Johnstone 2005).5 Second, in using innovation indicators as proxy for
growth in many of my empirical analyses on the PH, I also contribute to the
literature explaining the emergence of this somewhat enigmatic phenomenon:
innovation induced by regulation (Hicks 1932, Schumpeter 1936, RoedigerSchluga 2004).6 As (Fagerberg 2005, p.20) notes, “We know much less about why
and how innovation occurs than what it leads to.”
Finally, I make an empirical contribution to the growth literature devoted to
explaining the role of institutions (North 1990, Barro 1996, Acemoglu, Johnson
et al. 2001, Acemoglu 2009), and here in particular of environmental regulation
(Ricci 2007) as a driver of growth. I indirectly also contribute to the branch of
the growth literature arguing that organizational change fuels the growth process
(Aghion, Caroli et al. 1999, Acs and Sanders 2014). Regarding that latter effect, I
refer the reader to Section 3, where I will argue that organizational change is one
conceivable leverage for ‘win-win’ environmental policy. This requires departing
from the neoclassical assumption of profit-maximizing firms.7

1.3.2

Localized Knowledge Spillovers and Firm
Performance

The second link investigated in this thesis is that between knowledge spillovers
and firm growth. In that context, I primarily examine not their indirect (via
institutions) but direct impact on growth, following the endogenous growth
literature (Romer 1986, Romer 1987, Lucas 1988) as well as the evolutionary
economics literature (Griliches 1979, Bryant 2001), which suggest that
knowledge externalities and ‘learning-by-doing’ (Arrow 1962) are critical in
enhancing the productivity of factor inputs.8. The main purpose of my empirical
The standard argument for policy intervention in that context is that the non-appropriability
of knowledge creates disincentives to invest in new knowledge; therefore the government
should intervene by providing R&D subsidies or establishing property rights, for example via
patent protection (Arrow 1962).
6 As shall be seen particularly in Part 5, this reasoning, in principle, also applies to my analyses
on local knowledge spillovers: for the receiving organizations, the knowledge acquired might
entail technological or organizational innovation. Yet I am unable to measure it.
7 That section moreover shows that the PH even can be compatible with the axiom of profit
maximization.
8 That is to say, in my empirical analyses I solely analyze whether local knowledge spillovers
bring about positive effects for the knowledge recipient; I ignore potential negative impacts on
the spillover source due to market failure. Hence, I also abstract from modeling formal
5
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analyses is to scrutinize knowledge spillovers’ nature and scope. More precisely,
I will build on findings, in particular from the urban economics and economic
geography literature, that knowledge spillovers, and hence growth, are driven by
geographical proximity (Marshall 1920, Porter 1990, Krugman 1991, Glaeser,
Kallal et al. 1992, Porter 1998, Acs and Sanders 2014), in combination with social
proximity (Granovetter 1973, Scott 1988, Saxenian 1994, Agarwal, Cockburn et
al. 2006) and cognitive proximity. The latter implies that an effective knowledge
transfer requires a similar knowledge base (e.g. intra-industry knowledge)
between knowledge source and recipient (Cohen and Levinthal 1990, Rosenthal
and Strange 2004, Boschma 2005, Frenken, van Oort et al. 2007, Boschma and
Iammarino 2009).
The presumed relevance of social proximity, again, points to the important
role that particularly informal—local—institutions may play for localized
knowledge spillovers, acting as catalyst for growth.9 Also, it appears that localized
knowledge spillovers require tacit, rather than codified, knowledge to unfold.10
In the subsequent empirical tests of the link between localized knowledge
spillovers and growth, I will argue that while the broad picture confirms the
relevance of geographical, social, and cognitive proximity for spillover-driven
growth, the empirical truth is more subtle. Specifically, I will suggest that the
spillover potential is an increasing function (i) of the degree of knowledge
complexity involved, and (ii) of the knowledge-receiving organization’s need for
absorbing local spillovers as an external knowledge source.11 These issues have
received limited coverage in the empirical literature, and hence constitute the key
contributions of my analyses. I moreover contribute to the literature on
transaction cost economics, arguing that localized knowledge spillovers can
alleviate market failures caused by transaction costs (Williamson 1979, Baumol
and Willig 1981, Williamson 1985, Eisenhardt 1989).
I analyze the spillover-growth link empirically in Part 5 by testing the so-called
local export spillover hypothesis (Aitken, Hanson et al. 1997) , which posits that
spatial proximity to already established exporters can reduce export entry costs
institutions that, according to standard theory, should correct for the market imperfection
caused by knowledge’s public good status. The main reason is that I will deal with knowledge
of a more intermediate sort that tends not to require policy intervention.
9 For example, Maskell (2001) finds that geographical proximity may be conducive to the
establishment of trust-based relationships, which facilitates knowledge flows between local
agents.
10 Tacit knowledge tends to be accumulated through practice, demonstration, and experience,
which is why the transfer of tacit knowledge is facilitated by personal interaction, that is,
geographical, as well as social, proximity. By contrast, codified knowledge is easier to express
explicitly, say, in written form. Therefore, in can be transferred over longer distances, not
requiring the same degree of geographical proximity (Brown and Duguid 2000, Johnson B,
Lorenz et al. 2002).
11 Knowledge complexity certainly overlaps with the notion of tacit knowledge introduced
above. A major challenge, though, is to find an appropriate empirical measure for tacit or
rather complex knowledge. My empirical tests of local knowledge spillovers provide a novel
measurement approach in that regard.
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for non-exporters, thus being an important determinant of a firm’s export status.
Section 4 outlines the local export spillover hypothesis in more detail while at the
same time clarifying the role played by localized knowledge spillovers in that
context. My findings contribute to the specific literature on local export
spillovers, while at the same time adding to the research frontier of the empirical
literature on the firm-level determinants of international trade (Bernard and
Jensen 1999, Bernard and Jensen 2004, Greenaway and Kneller 2007, Wagner
2007). My empirical application is a panel dataset of Swedish exporting and nonexporting manufacturing firms spread out over 81 local labor market areas, an
artificial construct based upon cross-municipality commuter streams. The basic
mechanisms investigated in this thesis are once more illustrated in Figure I-1.

Figure I-1. The basic mechanisms investigated in the thesis
Source: Author’s illustration.
Note: The grey diamonds indicate fundamental or proximate causes of growth identified by
the literature. The “+” sign at the end of an arrow denotes a positive (hypothesized)
relationship between the two respective variables involved.

1.3.3

Thesis Methodology and Organization

My thesis is purely empirical in nature, with all the empirical analyses embedded
in thorough reviews of the existing theoretical and empirical literature in the
respective area of research. I work with state-of-the-art micro-econometric
techniques, that is, I apply regression methods to individual-level data (firm and
plant-level data in my case). The regression models deployed vary in complexity,
depending on the economic problem to be modeled. They are discussed more
profoundly in the respective thesis parts. Here, aim to give a broad overview of
the type of models found in this thesis, drawing heavily upon (Wooldridge 2002,
Cameron and Trivedi 2005).
28

Introduction and Summary of the Thesis

The single-equation linear regression model, applied to cross-section data and
estimated by ordinary least squares (OLS), is probably the simplest modeling
approach used (in parts of Part 3). In most of the analyses, though, more
demanding models are required. A model type often encountered is the probit
model, which constitutes a non-linear regression model with a limited dependent
variable (LDV). The probit model is accounts for the binary response nature of
many of my dependent variables; it involves computing response probabilities
for the explanatory variables that are part of the structural model estimated. I
apply the probit model both to cross-section (in Part 3) and to panel data (in Part
5). In the latter case, the specific models applied are pooled as well as unobserved
effects probit models (assuming strict exogeneity of the regressors). A second
type of non-linear econometric model encountered is the Tobit model (in parts
of Part 3). Belonging to the family of censored regression models, the Tobit
model, too, is justified in a LDV context, in particular when firms’ optimizing
choices imply corner solutions for a non-trivial part of the population. In my
case, firms’ decisions result in dependent variables that are partly continuous
only, piling up at the value zero.
The most challenging modeling problems are most likely found in Parts 2 and
4. In Part 2, I treat sample selection (or non-random sampling) problems for
panel data, focusing on a common scenario that involves a linear model for the
underlying population as well as a non-linear model due to the fact that my key
regressor is binary as well as endogenous in nature. These non-linear econometric
methods are needed because the endogeneity of the binary regressor implies a
selection mechanism that leads to non-random samples. I estimate the sample
selection problems in Part 2 by means of a treatment effects approach. Treatment
evaluation allows me to measure the impact of environmental regulation on
economic outcomes (i.e. regulated plants’ productivity, efficiency, environmental
performance etc.) in measuring plants’ response to the treatment (i.e. plants
exposed to environmental regulation) relative to the no treatment-benchmark
(i.e. non-regulated plants).
The modeling approach taken in Part 4 can be classified as a semi-parametric
approach. First, a non-parametric data envelopment analysis (DEA) approach is
used to compute plant-level total factor productivity (TFP) growth that accounts
not only for conventional input and output changes but also for the productivity
enhancing effects implied by plants’ allocation of resources to curb ‘undesirable’
outputs (e.g. air emissions)—which are created as by-product of conventional
output generation.12 To calculate this ‘environmentally-adjusted’ or ‘green’ TFP
growth, the recently developed sequential Malmquist-Luenberger (SML)
productivity index is deployed (Oh and Heshmati 2010).13 The green TFP
variable is then used as dependent variable in a parametric regression model set
A comprehensive literature review of non-parametric energy and environmental modeling
approaches is provided by (Zhang and Choi 2014).
13 Henceforth, I will use the terms ‘environmentally-adjusted’ and ‘green’ in the context of TFP
growth synonymously.
12
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up to explain to what extent environmental regulation explains the variation in
plants’ green TFP growth.
This thesis part is organized as follows. Section 2 details the link between
pollution externalities and firm growth via internalizing institutions in the form
of environmental policy. My focus here is on two traditionally important
economic criteria for environmental policy, namely static (cost) and dynamic
efficiency. I examine how well these criteria are satisfied by common regulatory
instruments for pollution control. In Section 3, I build on the findings from
Section 2, making a case for the importance of an adequate policy design, rather
than use of policy instruments per se, to satisfy the criteria of static and dynamic
efficiency in the best possible way. The discussion here revolves around the socalled Porter Hypothesis, which puts a third economic criterion on the
environmental policy agenda: The ability of ‘well-designed’ environmental
regulation to achieve a ‘double dividend’ or ‘win-win’ situation of simultaneous
environmental and economic benefits. It is this conjecture that I aim to test in
major parts of this thesis (i.e. in Parts 2 to 4). Section 4 outlines the second key
link analyzed in this thesis, namely how localized knowledge spillovers affect firm
growth. In Sections 5 and 6, I provide a thorough discussion on the empirical
foundation of those parts of my thesis dedicated to testing the Porter Hypothesis:
(i) the pulp and paper industry (PPI) and its process innovations, as well as
potential innovation offsets, in the field of air emission control; and (ii) Swedish
environmental regulation of polluting industries including the PPI. Both sections
present first descriptive evidence regarding the regulation-performance link. The
results obtained serve as valuable input the empirical tests in Parts 2 to 4. Section
7 concludes this introductory part by summarizing the empirical articles found in
Parts 2 to 5 of this thesis, including their principal literature contributions.

2 Pollution Externalities, Institutions, and Firm
Performance
As has been discussed in Section 1, pollution externalities require institutions that
take corrective measures, by means of environmental policy instruments, to make
polluters pay the social and environmental cost of their emissions. In this way,
the social efficiency losses caused by those externalities are offset. This section
starts by presenting two traditionally important economic criteria for
environmental policy, namely static (cost) and dynamic efficiency. I then move
on to discuss the most common regulatory instruments for pollution control, and
how well these instruments perform on the above two criteria.14 I conclude this
For a more profound theoretical analysis on pollution control instruments, as well as their
use in regulatory practice, I refer the reader to Heyes and Liston (2006) and Perman, Ma et
al. (2003).
14
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section by arguing that while both these criteria and the pollution control
instruments do matter for policymaking, attempting to rank them with respect
to how well they serve the purpose of attaining the dual goals of environmental
protection and economic growth misses the point. Instead, I will make a case for
the importance of an appropriate policy mix, or design, to achieve these dual
objectives: A smart policy design, besides ensuring environmental benefits, can
induce economic effects that go beyond the mere minimization of the polluters’
economic burden. It can in fact achieve a ‘double dividend’ of mutual economic
and environmental benefits (Perman, Ma et al. 2003). This has come to be known
as ‘win-win’ environmental policy (Porter and van der Linde 1995a)—the topic
of the majority of the subsequent empirical analyses.

2.1 The Economics of Environmental Regulation
Internalizing the social and environmental costs brought about by polluting
agents has become a global policy challenge since the late 1980s, resulting in an
array of international environmental initiatives, agreements and standards. These
include: the Montreal Protocol on Substances That Deplete the Ozone Layer
(1987); the United Nations Framework Convention on Climate Change
(UNFCCC) issued at the United Nations Conference on Environment and
Development (UNCED) in Rio de Janeiro (1992); the Kyoto Protcol (1997),
which extends UNFCCC, setting internationally binding emission reduction
targets; and the World Summit on Sustainable Development in Johannesburg
(2002). It goes without saying that protecting the environment is the primary
purpose of such environmental policies. Yet, there is an array of secondary
purposes the regulator in principle may want to pursue when choosing regulatory
instruments for pollution control (Perman, Ma et al. 2003). From an economics
perspective, two criteria for instrument choice have been widely analyzed, and
attempts have been made to gauge the instruments’ suitability in satisfying them.
These criteria are: static (cost) efficiency and dynamic efficiency.
The former corresponds to an economically efficient allocation of resources
in line with traditional neoclassical theory. The static (neoclassical) reasoning is
that environmental policy reduces aggregate output because the pollution
abatement it mandates diverts resources away from productive to unproductive
activities, merely adding to firms’ production costs (Ricci 2007). Thus, the
regulator has to make sure that policy instruments at least are cost-efficient. The
foundation of cost efficiency is cost-effectiveness. A pollution control
instrument is cost-effective if it reaches a given pollution abatement target at
lowest total (social) cost (Perman, Ma et al. 2003). Related to that, the regulator
has to determine how each polluter shall contribute to attaining the abatement
target. According to the principle of cost efficiency, also known as the least cost
theorem of pollution control, the necessary condition for ensuring abatement at
least cost is to equalize the marginal abatement cost curves of all firms engaged
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in pollution control. This usually implies (i) that polluters’ abatement efforts vary
due to differing abatement cost curves, and (ii) that, to maintain cost efficiency,
polluters with low abatement cost will incur the majority of the total abatement
effort (Perman, Ma et al. 2003).
Recently, pollution control instruments have been increasingly analyzed with
regard to their dynamic efficiency properties, that is, whether they are able to
stimulate R&D and technological innovation through continuous, and
environmentally benign, improvements of products or production processes
(Perman, Ma et al. 2003, Requate 2005).15 This tradition goes back to the work
of Kneese and Schulze (1975) who argued that, in the long run, the probably
most important criterion on which to assess environmental policy instruments
was their ability to spur new technology to achieve an efficient conservation of
environmental quality. Conventional analyses, again, stress the higher cost of
production that pollution control instruments entail. This, in turn, would
negatively impact the return on capital and the willingness to invest—ultimately
slowing down economic growth (Ricci 2007). Hence, following this line of
argumentation, minimizing compliance costs is the maximum achievable gain
even in the case of dynamic efficiency. Still, there is a broad consensus in the
literature, in the spirit of Kneese and Schulze (1975), that this policy criterion
may be more conducive to aligning the dual objectives of economic growth and
environmental quality (Requate 2005, Kemp and Pontoglio 2011).
Nevertheless, there are opposing views about this issue. One that is worth
reflecting upon is expressed by Parry, Pizer et al. (2003) who suggest that using
already existing technologies for pollution abatement under certain conditions
can yield the same welfare gains than those obtained from developing new
technologies. The basic reasoning is that developing environmental technologies
may risk crowding out other types of welfare-increasing technological change.
The overall conclusion that can be drawn from this is that environmental
policy needs to take into account both the short (static efficiency) and long term
(dynamic efficiency) incentives of regulatory instruments for pollution control
when attempting to align environmental and economic objectives (Requate
2005).

Requate (2005) identifies two major strands of literature in that context: one in the area of
industrial organization, with a focus on game theory and assessment of strategic behavior in
equilibrium, and one using endogenous growth theory (see alsoRicci 2007).
15
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2.2 Regulatory Instruments for Pollution Control,
and their Efficiency Properties
2.2.1

Command-and-control Regulation

In Western market economies, environmental policy instruments have
traditionally been based on command-and-control (CAC) approaches. The
typical CAC instruments used are technological standards and non-transferable
emissions licenses, which in turn are linked to emission or performance standards
imposed on the emission source (Perman, Ma et al. 2003, Heyes and Liston
2006).
Technology standards imply that the regulator imposes minimum technology
requirements upon polluters as regards capital equipment or production
processes. This approach is known as ‘best available technology’ (BAT). For
example, mandating a polluting firm to retrofit sulfur scrubbers in combustion
plants would be in accordance with the BAT principle (European Commission
2001). According to Heyes and Liston (2006), for technology standards to fulfill
the criterion of static (cost) efficiency, they require a regulatory authority that is
able to select the optimal technology. While this may be feasible in some standard
cases, the principle of cost efficiency will be violated most of the time because of
polluters’ heterogeneity. In other words, technology standards fail to target those
polluters capable of abating at least cost. An additional inefficiency is due to
information asymmetries because it artificially limits firms’ choice set to achieve
emission reductions (Perman, Ma et al. 2003). Heyes and Liston (2006, p.262)
conclude: “(a) what works best may vary substantially between firms and (b) the
firm has private information about what works for it.” It is worth mentioning
that while technology standards usually are not cost effective, they can be very
effective for reaching large emission reduction targets in a short time, particularly
when technological solutions exist but are not widely adopted yet (Perman, Ma
et al. 2003).
Non-transferable emission permits (also known as licenses or quotas) are allocated
by the regulator to emission sources based on an economy-wide emission target
and some criterion for distributing the total allowable emission quantity among
the emitters. The permits are called non-transferable because, as opposed to
emission trading schemes (see below), it is the polluter’s initial allocation of
emission permits that determines the maximum allowable emission quantity.16 In
practice, polluters face absolute emission standards or performance standards.
Emission standards means that firms may not exceed an absolute upper emission
limit value (ELV), and in the case of performance standards, the regulatory
(Perman, Ma et al. 2003) notes that CAC regulation using emission licenses, to be successful,
needs to be complemented by sufficiently harsh penalties on polluters violating the emission
limits (strict in relation to the cost of abatement) as well as by adequate monitoring systems.
16
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authority stipulates a cap on emissions relative to output. (Perman, Ma et al. 2003,
Heyes and Liston 2006)

2.2.2

Economic Incentive Instruments

While CAC regulation restricts polluters’ behavior, working through the principle
of coercion, economic incentive instruments operate by creating incentives for
polluters to voluntarily change their behavioral patterns. These incentives are
created by deploying policy instruments that make use of the price and market
mechanism. In the following, I outline the two major instruments in that context:
emission taxes and transferable emission permits.
Emission taxes
Emission, or green, taxes build on the price mechanism.17 Analytical work on
emission taxes goes back to the seminal contribution by Pigou (1932), who
argued that the optimal emission tax rate must be equal to marginal damage.
More formally, assume an industry consisting of N firms. Each firm i is engaged
in the production of some good. This is beneficial, yielding profits, but also
costly: Firm i incurs costs, 𝑐𝑖 , which comprise private variable costs from
producing 𝑞𝑖 units of the good, as well as social costs due to emissions, 𝑒𝑖 . The
firm’s profit function, 𝑃𝑖 , thus becomes:
𝑃𝑖 = 𝑝𝑞𝑖 − 𝑐𝑖 (𝑞𝑖 , 𝑒𝑖 )

(1)

where 𝑝 is the given price of output in accordance with the assumption of
perfectly competitive output markets. Also, firm i’s costs are assumed to be
decreasing and convex in emission. Without policy intervention, each firm’s
emissions will exceed the socially desirable level because the social damage
caused by the pollution activities is external to the firms.
Pigou’s approach is to internalize the social damage by virtue of an emission tax.
Finding the optimal tax rate involves a first assumption that the amount of
external damage, D, is a strictly increasing and convex function of aggregate
emissions, 𝑒𝑖 . Then, the regulator chooses a tax rate, 𝜏, such that profits are
maximized
∑𝑖 𝑃𝑖 (𝑒𝑖 ) − 𝐷(∑𝑖 𝑒𝑖 )

(2)

𝑒𝑖 = arg max{𝑃𝑖 (𝑒𝑖 ) − 𝜏𝑒𝑖 }

(3)

subject to the constraint
𝑒𝑖

Taxes on emissions are equivalent to emission abatement subsidies (at the same rate).
Therefore, their static efficiency properties are identical (Perman, Ma et al. 2003). For
convenience, only emission taxes are discussed here.
17
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which implies that each firm chooses an emission level that maximizes its own
profit. Due to the concavity of each firm’s problem, the constraint can be
expressed by the corresponding first-order condition
𝑃𝑖′ (𝑒𝑖 ) − 𝜏 = 0

(4)

The regulator can then set up a Lagrangian, and solve it for 𝜏.
𝐿 = ∑𝑖 𝑃𝑖 (𝑒𝑖 ) − 𝐷(∑𝑖 𝑒𝑖 ) − ∑𝑖 λ𝑖 (𝑃𝑖′ (𝑒𝑖 ) − 𝜏)

(5)

It is usually assumed that the marginal rate of damage, D, is increasing. That is
to say, 𝐷 ′ > 0, 𝐷 ′′ > 0.18 The optimal tax rate, 𝜏 ∗ , is then equal to marginal
social damage
𝜏 ∗ = 𝑃𝑖′ (𝑒𝑖 ) = 𝐷 ′ (∑𝑖 𝑒𝑖∗ )

(6)

which is Pigou’s finding.19 It holds, in principle, for both uniformly mixing and
non-uniformly mixing pollutants (Perman, Ma et al. 2003).20 The result illustrates
two related key benefits of an emission tax: First, it is flexible because firms are
allowed to differ regarding their optimal emission level. Second, firms themselves
can choose that level, and hence the degree to which they will engage in
abatement measures, making use of the private information they possess about
their respective abatement costs. In this way, the socially optimal choice is aligned
with firms’ privately optimal one, and abatement efforts will be cost-effective—
that is, total (social) costs are minimized. Third, from the regulator’s point of
view, implementing an emission tax involves low cost of information because
she requires only information about the social damage caused by pollution, not
on firms’ abatement cost curves.
Tradable emission permits
When the regulator decides to introduce tradable emission permits (TEPs), also
known as marketable or transferable emission permits, as policy tool, she starts
by setting a ceiling on the total quantity of emissions that polluting agents
It has to be noted that, under the assumption that the marginal rate of damage is a positive
function of total emissions, a Pigouvian tax will lead to an optimally taxed activity only if firms
are small and tax the tax rate as given (Heyes and Liston 2006).
19 It is worth mentioning that this result reflects a simple scenario where pollutants do not
accumulate in the environment but belong to a pure ‘flow’ type. If pollutants accumulate,
which, for instance, greenhouse gases do, damage at time t will be determined not only by
emissions at time t but also by past emissions. This complicates the analysis (Perman, Ma et al.
2003, Heyes and Liston 2006)
20 Emissions are uniformly mixing if physical processes cause a quick dispersion of the pollutant
so that its spatial distribution ultimately becomes uniform. In other words, the concentration
rate of the pollutant is independent of the location where it was measured. Greenhouse gases
such as Carbon Dioxide (CO2) are typical examples in that context. By contrast, for uniformly
mixing pollutants, the spatial distribution of emission sources matters: if emission targets apply
based on pollutant concentrations, then a polluter’s total allowable emission quantity has to
depend on her location (Perman, Ma et al. 2003, Heyes and Liston 2006).
18
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participating in the system are allowed to produce. What the regulator is not
interested in is how the overall emission quantity is distributed among each
participating polluter. Instead, she lets the market determine this outcome by
letting polluters trade their emission permits with each other. This closed system
means that growth in emissions at some polluters automatically will be offset by
equivalent emission reductions by other polluters—simply through the sale and
purchase of such emission rights. The most common emission permit system is
the ‘cap and trade’ system, which will be discussed here for the typical case of a
uniformly mixing pollutant such as carbon dioxide (CO2).21 A TEP based on
cap-and-trade consists of the following elements (Perman, Ma et al. 2003):






A decision regarding the ‘cap’—that is the total allowable quantity of
emissions. This is the basis for the total volume of permits issued; each
permit is measured in units of pollution, and their sum will equal the
total emission target.
A system involving monitoring of emissions as well as sufficiently high
penalties so that polluters’ emissions will not exceed the quantity of
emission permits they possess
A rule regarding the initial allocation of emission permits among the
polluters participating in the TEP scheme.
A guarantee that polluters can trade the emission certificates at any
market price and without any policy intervention.

A system based on TEPs is attractive from a cost efficiency perspective, under
the assumption that trade is competitive.22 Through the possibility of trading
emission permits, a market in the right to pollute is established. That right has a
value, namely the current market price for emission permits. As opposed to a
situation without regulation, where the right to pollute is in fact worthless, under
a TEP regime, each unit of pollution produced is associated with an opportunity
cost. That cost equals the current market permit price, and is the opportunity
forgone to sell the permit used for emitting one unit of pollutant e to another
polluter in need for it.23
A more formalized description of TEP regime starts with the assumption of a
large number of small firms acting as price taker in the permit market. Each firm
i is allocated an initial endowment of TEPs, 𝑒𝑖′ . In a second step, each firm
decides on a level of emission, 𝑒𝑖 , that maximizes its net benefits
There is also a so-called emission reduction credit (ERC) system (Perman, Ma et al. 2003)
In real settings such a market may be hard to achieve, or even approximate, and
considerable attention has been paid to thinking about the role of imperfections in TEP
markets. The standard textbook analysis of TEPs assumes zero transactions cost – there are
no administrative or other frictional costs associated with trading (buying or selling) the
permits. This however is unrealistic (Heyes and Liston 2006).
23 This means, in fact, that a TEP system is equivalent to an emission tax whenever the permit’s
market price equals the emission tax rate (Perman, Ma et al. 2003).
21
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𝐵𝑖 (𝑒𝑖 ) − 𝑃𝑇𝐸𝑃 {𝑒𝑖 − 𝑒𝑖′ }

(7)

where 𝑃𝑇𝐸𝑃 is the current market price of a permit, 𝐵𝑖 (𝑒𝑖 ) are firm i’s forgone
compliance costs, and where 𝑃𝑇𝐸𝑃 {𝑒𝑖 − 𝑒𝑖′ } are the firm’s costs for purchasing
emission permits. It is obvious that this cost can become negative if 𝑒𝑖 < 𝑒𝑖′ , that
is, if a firm is a net seller of emission permits. Let 𝑒𝑖∗ (𝑃𝑇𝐸𝑃 ) be the solution to
firm i’s maximization problem; 𝑒𝑖∗ implicitly depends on the prevailing market
price of permits, 𝑃𝑇𝐸𝑃 , which in turn, in equilibrium, equals the first derivative
of the firms benefits measured by its forgone compliance costs
𝐵𝑖′ (𝑒𝑖 ) = 𝑃𝑇𝐸𝑃

(8)

This is firm i’s first-order condition. It implies that the firm will prefer to sell
(buy) permits if the current market price for emissions exceeds (is below) its
marginal abatement costs.
Assuming a competitive market for permits, a market-clearing price, 𝑃𝑇𝐸𝑃 ,
will be reached such that all individual excess demands will sum up to zero:
𝑃𝑇𝐸𝑃 : ∑𝑖 𝑒𝑖∗ (𝑃𝑇𝐸𝑃 ) − 𝑒𝑖′ ) = 0

(9)

In this way, two desirable outcomes are achieved. First, environmental
effectiveness is ensured because the overall pollution target is met, amounting to
the sum of the initially allocated emission permits. Second, a TEP system is costeffective, that is, the emission target is reached at least cost. This is due to the
fact that in equilibrium, firms’ marginal abatement costs will be equalized.
Deviations from that equality will result in trade until the differential is arbitraged
away. Clearly, a prerequisite for trade to emerge are differing marginal abatement
costs across firms which, in turn, entails differences in the marginal valuations
they attach to polluting the environment. If, on top of that, the regulator does
not know perfectly firms’ abatement costs, two cases are made that justify the
introduction of TEPs.24
Two relevant issues remain: The first one concerns the total number of
emission permits to the regulator should allocate. In principle, one determinant
in that context would be firms’ abatement costs. Yet, since in a TEP regime, the
regulator does not need to know these costs, they do not contribute to specifying
the overall permit volume. At the industry level, however, to achieve cost
efficiency, the regulator has to make sure that the following equation holds:
𝑃𝑇𝐸𝑃 = 𝐷 ′ (∑𝑖 𝑒𝑖∗ (𝑃𝑇𝐸𝑃 ))

(10)

In other words, in equilibrium, the permit price ultimately derived from the total
number of permits issued must equal the value of marginal damage based on that
price. The second issue to be reflected upon is to what extent the initial allocation
of emission permits matters. In a frictionless world without transaction costs—
which is assumed in this basic TEP setting—that allocation is in fact irrelevant.
24

As seen, the same reasoning applies to emission taxes.
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Cost efficiency will be ensured in any case. This finding goes back to Coase
(1960).25
Summing up the static (cost) efficiency properties of CAC regulation and
economic incentive instruments, an established finding is that using an emission
tax or TEP regime to reach an emission target will minimize total costs, whereas
CAC approaches are not cost efficient because the regulator usually does not
know polluters’ marginal abatement cost functions.26
Ranking pollution control instruments with regard to their dynamic efficiency
properties, that is, whether they induce R&D and technological innovation in the
longer run has turned out to be more challenging. The common reasoning is that
economic incentive instruments provide stronger dynamic incentives than CAC
instruments (Perman, Ma et al. 2003, Requate 2005) because their incentive
mechanisms are such that environmentally benign innovation is continuously
rewarded. CAC approaches, on the other hand, are criticized for their binary
nature which “creates a discrete switch in behavior: once a required target has
been obtained, there is no longer any incentive to go further.” (Perman, Ma et al.
2003, p.236). This conclusion, however, has to be interpreted with care with
respect to performance standards—due to the fact that they rarely are studied
(Requate 2005).
More recent literature findings have led to more nuanced interpretations as
regards instruments’ respective dynamic incentives. Kemp and Pontoglio (2011),
for example, argue that the alleged superiority of economic incentive instruments
may hold for incremental low-cost innovations but not for radical innovation.
Reviewing the literature, they conclude that “there is more evidence of [CAC]
regulation promoting radical innovation […] than evidence of market-based
instruments promoting radical innovation” (Kemp and Pontoglio 2011, p.34).
These findings justify the conclusion that the effect of regulatory instruments for
pollution control on overall technological innovation (i.e. without distinguishing
between radical and incremental innovation) tends to be independent of the type
of instrument selected. Hence, they suggest that focusing on particular
instruments to optimize environmental policy’s dynamic incentives could be
misleading. Instead, a broader approach may be required; one that goes beyond
the narrow debate on instrument adequacy. The literature has coined the terms
policy ‘portfolio’ (Jaffe, Newell et al. 2005) and regulatory ‘design’ (Johnstone,
Hascic et al. 2010a, Kemp and Pontoglio 2011) to describe this approach. Hence,

If transaction costs are involved, which is indeed confirmed by substantial empirical evidence,
Coase’s finding does not hold any more: The equilibrium distribution of permits—and hence
total abatement costs—depend on the initial distribution of TEPs. This complicates the analysis
(Heyes and Liston 2006).
26 It must be noted that for non-uniformly mixing pollutants, for emission taxes to be costeffective, the regulator needs to know firms’ marginal abatement cost curves as well. The
only economic instrument not requiring this knowledge is TEPs, which provides this
instrument with attractive static efficiency properties (Perman, Ma et al. 2003).
25
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it is not the choice of a policy instrument per se but an adequate environmental
policy design that ensures optimal dynamic incentives.

3 Well-designed Regulation, Innovation, and
Firm Performance: The Porter Hypothesis
Harvard professor Michael Porter has long pointed out the importance of an
appropriate regulatory design for dynamic, as well as static, efficiency gains. What
distinguishes Porter from other researchers in that context is that he set a third
long neglected economic criterion on the environmental policy agenda: the
policy’s potential to attain a ‘double dividend’ or ‘win-win’ situation of
simultaneous environmental and economic benefits. Porter argued, based on
case study evidence, that environmental policies, if ‘well-designed,’ indeed had
such a win-win potential (Porter and van der Linde 1995a). This section outlines
and discusses his reasoning, which has come to be known as the ‘Porter
Hypothesis’ (PH). I also delve into the PH’s theoretical underpinnings, and
present previous empirical evidence on the PH.

3.1 The Porter Hypothesis and Its Theoretical
Underpinnings
3.1.1

The Porter Hypothesis

What drives environmental innovation and growth? While technology push and
market pull constitute two well-known factors, less is known about the role that
environmental regulation may play in stimulating firms’ eco-innovation activities
and economic performance (Horbach 2008).27 The traditional paradigm of
profit-maximizing firms has long viewed compliance to environmental standards
as a necessary evil and cost driver, depriving companies of already scarce funds
for innovation activities while inevitably causing them to lose competitiveness in
international markets (Palmer, Oates et al. 1995). Michael Porter, in his widely
The terms ‘environmental innovation’ and ‘eco-innovation’ are used synonymously in this
thesis. The Eco-Innovation Observatory defines eco-innovation as “... the introduction of any
new or significantly improved product (good or service), process, organizational change or
marketing solution that reduces the use of natural resources (including materials, energy,
water, and land) and decreases the release of harmful substances across the life-cycle” (EIO
2010). Moreover, I interpret the term environmental innovation (or eco-innovation for that
matter) rather broadly, not distinguishing between development and adoption of an
environmental technology.
27
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debated Porter Hypothesis, questioned the stipulated tradeoff between
environmental benefits and corporate cost. Porter argued that properly designed
environmental standards might actually boost firms’ innovative capabilities in a
way that net compliance costs might be partially or more than fully offset—and
that such ‘innovation offsets’ may yield a competitive edge over those firms not,
or not yet, affected by such regulations (Porter and van der Linde 1995a, Porter
and Van der Linde 1995b). In other words, such environmental regulations can
create a win-win situation of mutual social and economic benefits—due to firms’
improved environmental and business performance, respectively.
Porter mentions four core purposes of well-crafted environmental
regulations. First, regulation is viewed as a source of external pressure that
highlights resource inefficiencies within firms, stimulating innovation processes
and technological change. Implying a departure from the neoclassical paradigm
of profit-maximizing firms, this regulatory view assumes that firms, for reasons
such as bounded rationality, principal-agent problems and organizational inertia,
do not make optimal decisions and therefore operate below the technology
frontier (Brännlund and Lundgren 2009, Ambec, Cohen et al. 2011).28 Hence,
environmental regulation can be an effective tool to achieve dynamic efficiency,
including a ‘double dividend’ of environmental and economic benefits. Second,
and related to that, regulation containing elements of information gathering can
contribute to an improved environmental awareness on the part of firms. This
purpose also points to market imperfections such as information asymmetries,
which do not exist in the neoclassical world, and hence justify policy intervention
to improve welfare.
Third, Porter regards environmental regulations as well-designed when they
are predictable, that is, when they make the return to environmental investments
less uncertain. Fourth and finally, Porter views environmental regulation as a
transitional buffer until new environmental technologies are well-established
such that learning effects reduce costs and increase innovation offsets.
The latter two arguments, while making sense from an economic point of
view, require further clarification due to their lack of elaboration. A useful
starting point is the well-established finding that economic uncertainty has a
detrimental impact on investment (Dixit and Pindyck 1994, Pindyck 2007). This
may particularly hold for risky und highly uncertain investments targeted to the
development and adoption of new technologies because they can give rise to
three types of market failure (Jaffe, Newell et al. 2005). First, the public-good
characteristics of new knowledge creates knowledge spillovers reducing the
benefits for innovating firms since other firms to some extent are able to benefit
from that knowledge as well.
A second market failure, which more recently has become part of the debate
on the economics of technology policy, potentially materializes in the diffusion
Note that there are broad parallels between Porter’s argumentation and that of earlier
studies on the role of external sources in companies’ transformation and innovation processes
(Hicks 1932, Schumpeter 1936, Roediger-Schluga 2004).
28
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and adoption of new technologies, and has been labeled ‘adoption externalities.’
Adoption externalities occur when the user value of a new technology increases
with the overall scale of technology adoption. This benefit, which has come to
be known as ‘dynamic increasing returns,’ manifests itself through various
channels including ‘learning-by-using’ and ‘learning-by-doing’ (Jaffe, Newell et
al. 2005). The latter means that for potential adopters of a new technology, an
effective way of learning about its value is to observe how well the technology
works for previous adopters. In other words, the current users of that technology
create a positive externality for potential users, and the higher the installed user
base, the higher the adoption externalities—and hence the higher the likelihood
that a new technology will be adopted. ‘Learning-by-doing’ refers to the fact that
increased production experience tends to reduce firms’ production costs. If these
learning effects spill over to other firms at no cost, yet another adoption
externality materializes.
Finally, there is a risk for market failure due to information asymmetry
between technology developers and technology funders (Jaffe, Newell et al.
2005). Since outside investors are in a worse position to assess a technology’s
potential than the developer of that technology, they will most likely be hesitant
to funding technology development and demand a risk premium, respectively.
This information problem potentially compounds the first two market failures.
Altogether, they can cause underinvestment in new environmentally beneficial
technology, and therefore require that environmental policy be designed in a way
that reduces the uncertainty associated with such environmental investments.
It must be noted that Porter’s argument moreover recognizes an additional
dimension of uncertainty with regard to environmental innovation, namely policy
uncertainty. If the policy framework is considered unstable and unpredictable,
significant option values and incentives to postpone environmental investments
may be the consequence (Johnstone, Hascic et al. 2010a).
This calls for well-designed environmental regulations able to reduce the risk
for market failures of the type outlined above. One conceivable regulatory
measure is the use of time strategies in the form of extended compliance or
probation (phase-in) periods (Kemp and Pontoglio 2011, Bergquist, Söderholm
et al. 2013). Essentially, they imply that the regulator grants the polluting firm a
certain time window (say 1 to 2 years) during which the firm itself can identify
and implement the most appropriate (e.g. cost efficient) compliance investment.
It is only after that period that new environmental standards, or tightened
existing ones will become binding.
A related time strategy are timely announcements of new regulations or
optionally that existing ones will be tightened (Similä 2002). This, on the one
hand, implies stringency of regulation and, on the other, suggests policy
predictability and flexibility, giving firms the time necessary to select and
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implement new environmental technologies suitable for their needs (Kemp and
Pontoglio 2011).29
The innovation offsets that well-designed environmental regulations are
supposed to trigger can, according to Porter, be achieved through innovations
that both reduce the environmental footprint and improve products (i.e. enhance
product value) and/or production processes (i.e. cut costs). It is through these
product and process offsets that industrial competitiveness can ultimately be
enhanced. Process offsets, the main focus of this thesis, are realized when
environmental regulation, besides reducing pollution, also improves resource
productivity in the production process, such as materials savings, re-use of byproducts and lower energy consumption.30
Porter is clear on how environmental regulations should be crafted in order
to bring about innovation offsets. Three characteristics are mentioned. The first
one is related to regulatory stringency and flexibility (see also Johnstone, Hascic
et al. 2010a). The regulator should set clear environmental goals, while letting
firms themselves, and not the regulatory authority, decide on how to approach
the innovations necessary to achieve those goals. Porter is explicit though on that
the regulator, while allowing for flexibility, should not prescribe costly and
unproductive end-of-pipe solutions, but the product and process improvements
described above, which potentially induce offsets through enhanced resource
productivity and which reduce pollution at an early stage.
Second, the regulatory mix should include the use of market incentives, such
as pollution taxes and tradable emission permits, instead of technology standards.
These instruments, as seen in Section 2.2, ensure flexibility while stimulating
ongoing innovation and continuous improvement processes. Flexibility in
principle is also ensured by emission or performance standards because the firm
itself has to decide on how to reach a given emission target (see Section 2.2).
Third, Porter stresses that environmental regulation should be coordinated,
among others, between regulators and industry, and between regulators at
different levels of government. This argument, while being somewhat vague,
stresses the importance of an effective interplay of a country’s institutional setup,
which consists of formal and informal ‘rules of the game’ and the organizations
(i.e. polluting firms) subject to that setup (North 1990). This includes publicprivate partnerships via common environmental R&D projects, which reduce the
market failures implied by knowledge spillovers, adoption externalities and
Another uncertainty-reducing policy in that context are public–private partnerships that
subsidize research but retain significant elements of market forces in determining which
technologies to pursue (Jaffe, Newell et al. 2005). This policy will be discussed at the end of
Section 3.1.1.
30 Porter’s concept of process offsets is closely related to that of process eco-innovations (EIO
2013). Process eco-innovations are defined as innovations that, among others, reduce material
use and lead to cost savings—for instance by substituting harmful inputs to the production
process, by optimizing the production process (e.g. in the form of energy efficiency
improvements), and by reducing harmful by-products of the production process, such as air
emissions (Bleischwitz 2003, Reid and Miedzinski 2008).
29
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information asymmetry (Jaffe, Newell et al. 2005), and which occur in a
cooperative, rather than confronting, environment of mutual trust (Lönnroth
2010, Bergquist, Söderholm et al. 2013).

Figure I-2. The Porter Hypothesis and its causal mechanisms
Source: Author’s illustration based on Porter and van der Linde (1995a).
Note: The “+” sign at the end of an arrow denotes a positive (hypothesized) relationship
between the two respective variables involved.

A second example in that context is to make sure that the (dynamic) efficiency
and win-win goals of national environmental legislation are aligned with those
pursued by more decentralized (regional, local) levels of government, which
often are responsible for supervising and enforcing environmental regulations
stipulated at the national level. Such decentralized systems of environmental
governance might be subject to regulatory bias and hence social efficiency losses
(Oates and Schwab 1988, Oates 1999, Oates 2002). In Swedish environmental
legislation, decentralized elements are indeed present (OECD 2007, Lönnroth
2010, Mazur 2011)—which makes it an interesting case for empirical analysis.31
The PH’s core transmission channels, analyzed in the empirical articles in Parts
2 to 4, are once more summarized in Figure I-2.

Section 6 of this thesis part provides more details on decentralized environmental
governance in Sweden. Thesis Parts 2 and 4 attempt to include these decentralized policy
elements in the respective empirical analyses of the dynamic and win-win incentives of Swedish
environmental regulation. The challenge here is to find an appropriate empirical measurement
of decentralized regulation.
31

43

Jönköping International Business School

3.1.2

Theoretical Foundations of the Porter Hypothesis

The PH’s controversial postulations have resulted in a vast body of research on
its theoretical underpinnings. Two avenues of research can be identified: (i) one
that relaxes the neoclassical assumption of profit-maximizing firms—in line with
what the PH posits; and (ii) one that maintains the assumption of profitmaximization, instead positing a market failure (Ambec, Cohen et al. 2011). The
former argues that a firm’s rationality, that is, the degree to which profits are
maximized, hinges upon the rationality of its manager, who has been shown to
behave in a way not conducive to profit maximization. She may be risk-averse
and oppose costly changes (Aghion, Dewatripont et al. 1997), or rationally
bounded (Simon 1982, Gabel and Sinclair-Desgagné 1998, Kahneman 2003).
Ambec and Barla (2006) incorporate these characteristics, modeling a
manager who, due to her present-biased preferences, postpones profitable
investments in innovation because they would imply significant costs today, with
(more-than-offsetting) benefits being realized after a certain payback period only.
The role of environmental regulation, then, is to mitigate this agency problem by
contributing to an increase in the profitability of these investments, or by simply
prescribing them. In this way, firm profits are enhanced.
A graphical illustration of this first body of theoretical literature is provided
in Figure I-3 (Brännlund and Lundgren 2009). Figure I-3a) shows the regulatory
effect commonly found in the neoclassical literature. A polluting firm is assumed
to produce a good, q, using one input factor that causes emissions of a pollutant,
z. The firm is assumed to produce on the production possibility frontier, which
is defined by the production function f(z). This implies that an increase in
production will lead to an increase in emissions. Prior to regulation (denoted by
f0), a profit-maximizing firm will most efficiently produce at the tangency point
between f0(z) and its profit function, Π0, resulting in the production of q0 units
and emissions of z0. After regulation (denoted by fR), the firm now faces an
emission limit of zR, which entails a decrease in production from q0 to qR, and in
profits from Π0 to ΠR. In other words, environmental regulation hampers
competitiveness for firms exposed to it compared with firms facing less stringent
or no regulation.
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Figure I-3. Graphical illustration of the Porter Hypothesis
Source: Brännlund and Lundgren (2009)

The mechanisms of the PH are illustrated in Figure I-3b). Porter argues that wellcrafted environmental regulations will reveal inefficiencies in a firm and spur
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innovation that can more-than-offset regulatory costs.32 One interpretation of
this would be to say that prior to regulation, the firm is producing below the
production possibilities frontier, f0(z), say, at point C. Regulation, as implied by
the stricter emission target zR, will highlight those inefficiencies, and induce the
firm to move in northwestern direction toward the frontier—ideally up to point
B on the frontier, where the firm produces efficiently. At that point, the firm will
have increased production from q0 to qR, and profits from Π0 to ΠR, while
simultaneously achieving emissions reductions. Here, the firm adopts
technologies already available on the market to catch up with the best-practice
frontier, f0(z). A second, still more dynamic, interpretation of the Porter
Hypothesis would be to assume that regulation triggers innovation in the form
of new products and/or processes—illustrated by an upward shift of the
production possibilities curve. The resulting new production technology implies
that the previously efficient production point B is not optimal anymore; the firm
could produce more with less emissions—and a well-designed regulation is able
to highlight this, according to Porter. Efficient production, then, would take
place on the frontier, fR(z), between the points D and E, with profits maximized
at point E (assuming constant product and emission prices).
As for the second body of literature which, by postulating a market failure,
harmonizes the PH with the assumption of profit-maximizing firms, there are
two theoretical contributions of potential relevance for the empirical analyses
performed in Parts 2 to 4. First, Xepapadeas and de Zeeuw (1999) find that
stricter environmental regulations (in the form of an increase in a pollution tax)
lead to a reduction in a firm’s total capital stock (‘downsizing effect’) as well as a
reduction in the capital stock’s average age by replacing old equipment
(‘modernization effect’). This in turn increases environmental performance and
average productivity, while still implying a negative effect on firm profits. The
authors, therefore, are skeptical to the PH’s postulation of innovation offsets that
exceed the cost of an increased regulatory stringency. Nevertheless, they
acknowledge that this cost can be mitigated by restructuring the capital stock in
a way described above.
Second, Ambec and Barla (2002) reconcile profit maximization with the PH’s
idea that environmental regulations may correct an organization failure. Their
model is built on information asymmetries—between well-informed managers
and the less-informed regulator—on the cost of environmentally-sound and
productivity-enhancing technologies. The managers, aiming to extract rents for
the firm, exaggerate the real costs of these technologies. Regulation increases
firm profits as long as regulatory costs do not exceed the rent saved in that
context.
For example, Porter presents anecdotal evidence from the U.S. suggesting that the
Environmental Protection Agency’s ‘Green Lights Program’ induced a sizeable number of
participating firms to carry out highly profitable energy investments (Porter and van der Linde
1995a).
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3.2 Empirical Evidence on the Porter Hypothesis
The PH has been subject to numerous empirical tests. The methodological
approaches taken by the literature vary but have been biased toward econometric
techniques (seeWagner 2003, Brännlund and Lundgren 2009, Ambec, Cohen et
al. 2011 for extensive reviews on the PH). A second interesting (as shall be seen
in Section 3.2.4) methodological avenue to analyze, in particular, a so-called
recast version of the PH has emerged more recently, and can be categorized as a
nonparametric approach (Managi, Opaluch et al. 2005).33 That approach typically
uses non-parametric data envelopment analysis (DEA) to compute a
performance measure that considers both conventional input and output changes
and the productivity enhancing effects implied by agents’ allocation of resources
to reduce ‘bad’ outputs (e.g. air emissions)—which are a by-product of
conventional output generation. The ‘environmentally-adjusted’ performance
variable then constitutes the dependent variable in a parametric regression model
to test the link between environmental regulation and environmentally-adjusted
performance growth.34
This section reviews empirical analyses of the ‘original’ PH (Sections 3.2.1 to
3.2.3) as well as its recast version (Section 3.2.4). Both will be subjected to
empirical tests later in this thesis.35 In either case, I restrict the literature review
to the firm-industry level, and here in particular to Sweden and the pulp and
paper industry—which constitutes the empirical basis of my analyses.3637 The
literature on the original PH can be categorized into three major strands: (i) the
impact of environmental regulations on innovation, R&D and investment—the
‘weak’ version of the PH; (ii) the impact of environmental regulations on
performance and competitiveness (usually in terms of productivity and
efficiency); also labeled the ‘strong’ version of the PH; and (iii) the specific effect
on innovation or performance of environmental regulations considered flexible
or ‘well-designed’ by Porter, which is known as the ‘narrow’ version of the PH.
For reasons outlined in more detail in Part 2, the bulk of the empirical analyses
For further information on the methodological differences in analyzing the PH, I refer the
interested reader to Berman and Bui (2001), Boyd and Mcclelland (1999), and Murty and
Kumar (2003).
34 The ‘recast’ label in that context is due to the fact that including bad outputs in a
performance measure such as productivity growth goes somewhat against Porter’s original
definition of performance; he referred to performance in the classical way, only involving
standard output measures, such as conventional productivity growth, profitability, etc.
35 The original version of the PH will be analyzed in Parts 2 and 3; its recast version in Part 4.
36 The PH is also analyzed at the national level (Wagner 2003). In that case, studies typically
measure the effect of environmental regulation on net exports and overall trade flows (Jaffe,
Peterson et al. 1995) or patent activity (Popp 2006, Johnstone, Hascic et al. 2010a, Johnstone
and Hascic 2010b).
37 The exception is my analysis in Part 3, where the sample consists of Swedish pulp, paper
and chemical firms.
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tackles the former two. My empirical analyses on the original PH are devoted to
its so far less explored ‘narrow’ version.

3.2.1

Evidence on the ‘Weak’Version

Empirical studies on the ‘weak’ version of the PH, which does not make any
statements concerning performance-enhancing innovation offsets, show mixed
results. This applies, in particular, to analyses of the effects of environmental
regulations on investment and capital formation. A negative link is reported by
Nelson, Tietenberg et al. (1993), and by Gray and Shadbegian (1998). The
former, observing 44 U.S. electric utilities during 1969-1983, find that
environmental regulatory stringency, proxied by pollution abatement
expenditures, caused an increase in the average age of fossil-fueled steam plants.
This rejects previous theoretical findings of a positive link between
environmental regulation and the capital stock’s age via a modernization effect
(Xepapadeas and de Zeeuw 1999). Gray and Shadbegian (1998), using a sample
of 116 U.S. paper mills during 1972-1990, conclude that pollution abatement
investments crowd out productive investments.38 By contrast, Hamamoto
(2006), analyzing a sample of the Japanese manufacturing industry for the period
1971-1988, finds a negative link between regulatory stringency (i.e. abatement
expenditures) and the average age of capital—thus confirming the theoretical
predictions by Xepapadeas and de Zeeuw (1999).
As for the link between environmental regulation and innovation, the
empirical evidence is fairly positive.39 Jaffe and Palmer (1997), for example, finds
that regulatory stringency, measured by lagged environmental compliance
expenditures positively affects total R&D expenditures of U.S. manufacturing
industries between 1973 and 1991, while detecting an insignificant relationship
between regulatory stringency and patent activity. A slightly positive link between
environmental regulatory stringency (proxied by pollution control operating
costs) and environmental patent activity is found by Brunnermeier and Cohen
(2003) who examine a panel of 146 U.S. manufacturing industries during 19831992.40 In their model, the authors, however, do not find a significant correlation
between the number of air and water pollution control inspections and
environmental patent activity. Their results also suggest that environmental
innovation is more likely to occur in internationally competitive industries—and
As proxy for regulatory stringency they use (i) the percentage share of state congressmen
voting in favor of environmental regulation, and (ii) an index capturing the strictness of air and
water regulation. A typical example for unproductive pollution abatement investments are
end-of-pipe measures (see also Section 4).
39 The studies commonly use R&D expenditures (innovation input) or patent applications
(innovation output) as innovation variables (Ambec, Cohen et al. 2011).
40 As a robustness measure for regulatory stringency, the authors also use the number of air
and water pollution control inspections—without detecting a significant effect on
environmental patent activity.
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the Swedish PPI clearly is such an industry.41 Finally, Arimura, Hibiki et al. (2007),
disposing of a cross-section of 4,000 manufacturing facilities in seven OECD
countries (Canada, France, Germany, Hungary, Japan, Norway and the U.S.),
provide evidence that perceived environmental regulatory stringency positively
affects a facility’s probability to engage in environmental R&D.

3.2.2

Evidence on the ‘Strong’ Version

The ‘strong’ version of the PH broadly asserts that more stringent environmental
regulation can go along with an enhanced firm or industry competitiveness (via
innovation offsets). Empirical analyses in that context commonly test the effect
of a regulatory stringency proxy on an economic performance measure, such as
productivity. Their results are inconclusive. Older studies, using U.S. data and
scrutinizing the role of tightened U.S. environmental policy in the country’s
productivity slowdown of the 1970s, have found an adverse effect of
environmental regulation on performance.42 For example, Gollop and Roberts
(1983) assess the impact of sulfur dioxide emission limits on productivity growth
in a sample of U.S. electric utilities for the period 1973-1979. Their results suggest
that regulation caused a decline of 0.59 percent in annual average productivity
growth for regulated utilities, primarily due to higher costs associated with a
switch to low-sulfur fuels.
Swedish evidence against the PH’s strong version is provided by Brännlund,
Färe et al. (1995). Based on a sample of 41 pulp and paper plants for the period
1989-1990, the former test the effect of environmental regulation on profits,
finding that regulation diminishes profits on average by 4 to 17 percent. The
authors’ empirical approach differs from other papers because they compute
regulatory costs, which is measured by the ratio between regulated and
unregulated profits, using programming non-parametric methods.
Other studies report at least partial innovation offsets. Barbera and
McConnell (1990) analyze five U.S. polluting industries (chemical, iron-steel,
nonferrous metals, paper, and stoneclay-glass) during 1960-1980. They find less
detrimental results compared to Gollop and Roberts (1983), among others,
because they not only examine the direct effect of regulatory stringency (proxied
by investments in abatement capital) on productivity growth—which is negative
because input costs increase while output does not. They also identify an
The author’s findings are in line with Porter’s argument that world demand is increasingly
valuing products and processes characterized by low pollution and high energy efficiency.
Industries that are highly competitive on international markets can hence capitalize on this
market trend, generating regulation-induced innovation and ‘product offsets’ by charging a
price premium for their eco-friendly products (Porter and van der Linde 1995a). The Swedish
pulp and paper industry fits this description well; In 2012, almost 90 percent of Swedish pulp
and paper production was exported, with eco-sensitive EU consumers receiving over 70
percent of these exports (Swedish Forest Industries 2014).
42 See Jaffe, Peterson et al. (1995) for a review.
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offsetting indirect impact that reflects changes in conventional inputs and
production processes due to regulatory pressure to invest in abatement capital—
in line with Porter’s reasoning about innovation offsets. For some industries, this
indirect effect implied at least in part a mitigation of the direct regulatory costs;
production costs dropped as a result of the newly installed—and more
efficient—abatement capital.
An empirical strategy comparable to Barbera and McConnell (1990) is used
by Lanoie, Laurent-Lucchetti et al. (2011)—with similar results. Examining 4,200
manufacturing plants in seven OECD countries in 2003, the authors find a
negative direct impact of environmental regulation (perceived regulatory
stringency) on business financial performance (e.g. due to costly compliance
investments in unproductive end-of-pipe abatement). At the same time, their
estimations yield a positive indirect effect of regulation on performance via
enhanced R&D and hence lower production costs. Since the latter effect is
smaller in size, the authors, however, reject the strong version of the PH,
concluding that innovation benefits do not fully offset the costs of environmental
compliance. Lanoie, Laurent-Lucchetti et al. (2011) moreover test the link
between regulatory stringency and environmental performance, a rather rarely
examined, but integral part of, the PH’s causality chain (see Figure I-2). Their
findings suggest that environmental regulation, as expected, is effective in
inducing environmental performance improvements.43 While these results per se
are not associated with the strong version of the PH, they nevertheless bear
important implications in that context. There is evidence suggesting that better
environmental performance can indeed trigger ‘offsets’ beyond those direct ones
brought about by cleaner and more efficient production technologies—thereby
improving business performance.44
Hamamoto (2006) reports regulation-induced innovation offsets, during
1971-1988, for selected industries in Japan’s manufacturing sector. He shows that
expansions of R&D efforts due to increased regulatory stringency (measured by
abatement expenditures) positively affect the growth rate of total factor
productivity. Yet, since the author does not estimate the direct effect of
regulation on TFP, he is unable to judge whether the regulation-induced
productivity benefits of innovation more than offset direct regulatory costs.
Finally, some papers provide evidence for innovation offsets that exceed
compliance costs—in accordance with the strong version of the PH. For
example, Berman and Bui (2001), using plant-level data on the U.S. petroleum
refining industry, find that Los Angeles Air Basin refineries, during 1987-1992,
featured higher productivity growth than their less regulated counterparts in
This is in line with previous studies investigating the effectiveness of environmental policy in
curbing industry emissions (Laplante and Rilstone 1996, Lanoie, Thomas et al. 1998).
44 For example, it can reduce a firm’s cost of capital through improved access to financial
markets or it can improve a firm’s chances to be considered as supplier (Ambec and Lanoie
2008). Econometric evidence on the positive link between environmental and business
performance is provided by Darnall, Jolley et al. (2007).
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other U.S. regions, despite sharp increases in local regulation of air pollutants
and, correspondingly, abatement expenditures.45
Lanoie, Patry et al. (2008) report a highly significant effect of their lagged
variables for stringency of environmental regulations on the productivity growth
rate in 17 Quebec manufacturing industries during 1985-1994, in particular in the
sectors facing tough competition in the world market.46 Their main contribution
is that using an extensive lag structure for the regulatory variables allows them to
confirm the dynamic nature of the PH: Porter argues, for instance, that reaping
the efficiency and productivity benefits from reconfigured production processes
takes time, for example, because learning effects do not occur immediately
(Porter and van der Linde 1995a).47 Interestingly, the authors’ conjecture that
regulation-induced productivity effects are more pronounced in the more
polluting sectors (because there are more opportunities to detect and remove
efficiencies) is rejected.48

3.2.3

Evidence on the ‘Narrow’Version

Empirical evidence on the ‘narrow’ version of the PH, that is, the specific impact
of flexible environmental policy instruments, such as pollution taxes, tradable
emission permits or flexible performance standards, is scarce. Popp (2003)
analyzes the effects of the U.S. tradable permit system for SO2 emissions,
introduced in 1990, on the technological efficiency and operating costs of flue
gas desulfurization units (scrubbers). Disposing of panel data on 186 plants for
the period 1972–1997, he finds that regulation induced innovation, which
improved SO2 removal efficiency while lowering operating and removal costs.
Lanoie, Laurent-Lucchetti et al. (2011) find that stringent performance standards
increase the likelihood of an OECD manufacturing plant investing in
environmental R&D, whereas pollution taxes do not. Moreover, the find that
stringent performance standards enhance plants’ environmental performance—
just like very high pollution taxes do, although their effect is found to be weakly
significant only. The authors do not find a significant direct effect neither of
stringent performance standards nor of taxes on business performance.
Brännlund and Lundgren (2010) test the effect of the Swedish CO2 tax on
manufacturing firms’ productivity growth. They reject the PH (with the
Regulatory stringency is measured by the number of (local) air quality regulations a refinery
is subject to.
46 Zero, one, two, and three lags are simultaneously included in the regression. Regulatory
stringency is proxied by the change in the value of investment in pollution-control normalized
by total cost.
47 Indeed, the authors, in line with many other previous studies, report a negative
contemporaneous effect of regulatory stringency on productivity.
48 According to the authors, these negative results may be due to either a high investment
need to comply with regulation or the high share of unproductive end-of-pipe investments in
total investments.
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exception of the Rubber and Plastic sector), concluding that while a higher CO2
tax improves energy efficiency, negative productivity effects prevail (so that the
tax may have had a crowding out effect). Höglund-Isaksson (2005) estimates
marginal abatement cost curves for plants in different sectors regulated by the
Swedish NOx charge during 1992-96. Cost savings in abatement for given NOx
intensity levels are interpreted as proof that innovations in abatement technology
occurred. She finds a downward shift in the marginal abatement cost curve over
time for the power sector. That is, energy was produced with less NOx emissions
and without more costs, pointing to ‘low-hanging fruits’ in abatement. The
author, however, did not find such evidence for pulp and paper plants regulated
by the NOx charge. Finally, Höglund-Isaksson and Sterner (2009) analyze the
effects of the Swedish NOx charge on adoption of NOx mitigation technology
by examining changes in NOx intensities. They find that the charge led to
extensive reductions in NOx intensities via adoption of physical mitigation
technology, and innovation in non-physical mitigation technology (NOx control
via ’learning-by-doing’ innovations).

3.2.4

Evidence on a ‘Recast’Version

As indicated above, increasingly, empirical studies involving non-parametric
methods have been conducted to test what can be called a recast version of the
PH (Managi, Opaluch et al. 2005). Part 3 of this thesis contributes to the stillyoung literature in that field. The essential methodological difference between a
non-parametric approach and pure econometric techniques lies in the way an
industry’s technology is modeled. The former typically applies data envelopment
analysis (DEA), which involves employing a so-called directional distance
function (DDF), whereas econometric analyses rely on a production function
based on a fixed functional form (Zhang, Liu et al. 2011, Zhang and Choi 2014).
There are two major benefits associated with the DEA-DDF approach:
First, it captures multiple-output technologies without requiring information
on prices. This matters in particular when dealing with so-called bad outputs of
production (e.g. air emissions)—the by-products of polluting agents’
conventional output generation. For bad outputs, price information is usually not
available, which makes it difficult for the modeler to account for them in her
output technology (Chung, Färe et al. 1997). One key argument why bad outputs
should be included in the production technology of a so-called decision-making
unit (DMU) is that the DMU (e.g. a firm or a plant), when polluting the
environment, typically allocates productive resources to curb bad outputs
without being credited for these efforts on the output side—since usual
productivity measures only include the ‘good’ outputs. Hence, standard TFP
measures will underestimate DMU’s TFP growth because they ignore the
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positive effects of pollution abatement in the form of reductions of the bad
output (Chung, Färe et al. 1997).49
Second, the DEA-DDF method allows for potential ‘win-win’ or ‘double
dividend’ effects in the spirit of the PH due to incorporating both the dynamic
(technology development) and static efficiency properties (elimination of
inefficiencies) of environmental regulation (Brännlund and Lundgren 2009). This
is because the approach permits DMUs to be off the production possibility
frontier, and therefore departs—in line with what Porter posits—from the
traditional neoclassical assumption of profit-maximizing firms.50 Hence, the
DEA-DDF approach, by accounting for the possibility that DMUs are
inefficient, is an appealing modeling tool to get more nuanced empirical insight
into my research question: the impact of environmental regulation on DMU
performance.51
A common way of testing the latter link at the firm or plant level is to use the
‘environmentally-adjusted’ performance variable as dependent variable in a
parametric regression model that includes a proxy variable for environmental
regulation as regressor. Referred to as a two-stage model, this approach has
certain advantages over other techniques in incorporating ‘uncontrollables’ into
DEA.52 These include the possibility of considering both continuous and
categorical uncontrollable variables without risking a rise in the number of
efficient DMUs. Moreover, no previous expectation as to how (positive or
negative) an uncontrollable affects efficiency is needed. Drawbacks of the twostage approach include the risk that the variables employed for the first-stage
efficiency measure are highly correlated with those of the second-stage
regression. If that is the case, estimating the effect of an uncontrollable variable
on efficiency may produce a bias (Battese and Coelli 1995, Coelli, Rao et al. 2005,
Simar and Wilson 2007). The two-stage model is opted for in the empirical
analysis in Part 4 of this thesis.

DEA method can incorporate negative by-products of production in various ways
(Kuosmanen and Matin 2011, Zhang, Liu et al. 2011). These include treating them as inputs to
the production process (Reinhard, Lovell et al. 1999, Hailu and Veeman 2001); computing their
reciprocals (Lovell, Pastor et al. 1995, Scheel 2001); and making use of the ‘weakly disposable’
DEA technology, which allows for modeling negative by-products of production as outputs,
thereby accounting for the potential tradeoffs between them and the desirable outputs
(Chung, Färe et al. 1997, Kuosmanen and Matin 2011). The debate as to which measure to
prefer is controversial (Seiford and Zhu 2002, Färe and Grosskopf 2003). A broad tendency
is that the weakly disposable DEA technology has been increasingly employed, ever since
Chung, Färe et al. (1997) published their seminal DDF-approach based on the assumption of
weak disposability (Zhang, Liu et al. 2011).
50 Neoclassical theory would imply that all firms, due to maximizing profits, always are on the
production possibility frontier.
51 Figure I-3 above illustrates, in essence, the principle of the DEA-DDF approach.
52 The DEA literature refers to regulatory proxies as ‘uncontrollables,’ because they lie outside
the influence of a DMU’s management but a DMU’s performance. For further approaches to
include uncontrollable variables in a DEA framework, see Yang and Pollitt (2009).
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The empirical literature on the PH’s recast version is scarce, with evidence
leaning toward a confirmation of a recast version of the PH.53 Evidence in favor
of a recast PH is reported by Managi, Opaluch et al. (2005). They first use the
DEA-DDF approach to measure growth in environmentally-adjusted TFP in the
Gulf of Mexico offshore oil and gas industry during 1968-1998. In a second step,
they regress their environmentally-adjusted TFP variable on a proxy for
regulatory stringency, in an attempt to test a recast PH. They find evidence in
favor of the modified PH, owing to a positive and statistically significant link
between stringency of environmental regulation and the joint productivity of
market and non-market outputs.
Similar results are presented by Telle and Larsson (2007) who use plant-level
data to study the effects of Norway’s plant-specific regulations on green TFP
growth in the country’s most energy-intensive manufacturing during 1993-2002.
They compute their green TFP measure using an environmental Malmquist
productivity index that includes emissions as inputs. The index, in a second step,
is used to econometrically test the effects of regulatory stringency on green TFP
growth. They find a positive and significant effect of regulatory stringency on the
index. The authors conclude that excluding environmental considerations when
measuring TFP growth can lead to misguided conclusions.
Murty and Kumar (2003), too, find recast Porter effects. They study, for the
period 1996-99, the impact of environmental regulation on the technical
efficiency of 92 water-polluting firms in India. The regulation-efficiency link is
tested using an econometric distance function (Battese and Coelli 1995). This
approach involves the simultaneous estimation of productive efficiency via an
output distance function, and the degree to which efficiency is affected by
potential determinants—regulatory intensity and firms’ water conservation
efforts in that case.54 The authors report a positive and significant correlation
between firms’ efficiency and those two presumed drivers, hence providing
empirical support in favor of a recast PH.
By contrast, no evidence as to a recast version of the PH is found by Marklund
(2003)—which is of interest from a Swedish perspective. The author uses the
two-stage DEA-DDF approach presented above to study the link between
environmental regulation and technical output efficiency of 12 Swedish pulp
plants between 1983 and 1990. The results are insignificant, not lending support
to a recast version of the PH.

This is in line with a priori expectations: Including bad outputs in a plant’s technology set
should increase the likelihood of finding a positive correlation between environmental
regulation and multi-plant output because it is the bad output that the regulator primarily
tackles.
54 The econometric distance function approach implies that explanatory variables of technical
inefficiency, such as environmental regulation, while affecting productive efficiency, cannot be
included in the distance function directly. Variables included in the distance function are
desirable and undesirable outputs as well as conventional inputs (Battese and Coelli 1995).
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4 Localized Knowledge Spillovers and Firm
Performance: The Local Export Spillover
Hypothesis
This section provides a thorough background to the second key link examined
in this thesis; that between knowledge spillovers and firm growth. As outlined in
Section 1, my main objective is to empirically analyze knowledge spillovers’
nature and scope—and their growth effects. My empirical tests build on three
essential literature findings, namely that knowledge spillovers between economic
agents are fuelled by agents’ geographical proximity (Marshall 1920, Porter 1990,
Krugman 1991, Glaeser, Kallal et al. 1992, Porter 1998, Acs and Sanders 2014),
combined with social proximity (Granovetter 1973, Scott 1988, Saxenian 1994,
Agarwal, Cockburn et al. 2006), and cognitive proximity. The latter means that
for the knowledge transfer to be effective, a similar knowledge base (e.g. intraindustry knowledge) between knowledge source and recipient is needed (Cohen
and Levinthal 1990, Rosenthal and Strange 2004, Boschma 2005, Frenken, van
Oort et al. 2007, Boschma and Iammarino 2009).55
The alleged reinforcing role of social proximity for localized knowledge
spillovers suggests a potentially valuable function of informal—local—
institutions, or the informal ‘rules of the game’ (North 1990). Maskell (2001), for
instance, finds that geographical proximity may be conducive to the
establishment of trust-based relationships that facilitate knowledge flows
between local agents. Moreover, it seems that the degree to which local
knowledge spillovers materialize is determined not just by how close economic
agents are in geographical, social and cognitive terms but also by whether the
type of knowledge generated is tacit or codified in nature. It is the former
knowledge type that has been shown to enhance the potential for local
knowledge spillovers because it accumulates through practice, demonstration,
and experience—which tends to require local personal interaction to be
transferred effectively. By contrast, codified knowledge can more easily be
transferred over longer distances, which renders geographical proximity less
relevant (Brown and Duguid 2000, Johnson B, Lorenz et al. 2002).
In Part 5, I subject these notions to empirical tests. What distinguishes my
inquiry into the nature and scope of local knowledge spillovers from many
previous studies is my interest in the analysis of how spillover effects vary with
The analysis of whether the combination of geographical and cognitive proximity enhances
knowledge spillover effects or not goes back to two diametrically opposed hypotheses
(Johansson and Quigley 2004): The Marshall-Arrow-Romer (MAR) externality view is that
local knowledge spillovers occur primarily between firms in the same industry. The rival
hypothesis was coined by Jacobs (1969), and states that local knowledge diffuses mostly
between firms across industries.
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(i) the underlying type of knowledge and (ii) the type of knowledge recipient.
Specifically, I hypothesize that the spillover potential is an increasing function (i)
of the degree of knowledge complexity involved, and (ii) of the knowledgereceiving agent’s need for absorbing local spillovers as an external knowledge
source. Knowledge complexity certainly overlaps with the notion of tacit
knowledge. A major challenge, though, is to find an appropriate empirical
measure for this type of knowledge. My empirical tests provide a novel
measurement approach, which constitutes yet another contribution to the
literature.
My empirical application is a sample of Swedish exporting and non-exporting
manufacturing firms on which I test the so-called local export spillover
hypothesis. Established by Aitken, Hanson et al. (1997), this hypothesis states
that spatial proximity to already established exporters can reduce export entry
costs for domestic firms, thus being an important determinant of a firm’s export
status. The next section outlines nature and scope of export entry costs, arguing
that firms’ need to acquire export-related knowledge and information makes up
a significant part of these costs. Section 4.2 continues by discussing under what
circumstances local export spillovers can materialize, using central results
regarding local knowledge spillovers of the regional science literature as
benchmark.

4.1 The Cost of Exporting Entry
It is an undeniable fact the world has seen a dramatic increase in foreign trade in
goods in the postwar era. While that trend has been spurred by a reduction in
classical barriers to world trade such as transportation costs, quotas and tariffs,
trade costs continue to loom large, dampening bi- and multilateral trade links in
a way that by far exceeds the predictions of standard gravity models of
international trade (Trefler 1995). This goes even for trade between countries
featuring a high degree of economic integration such as the member states of the
European Union (Anderson and van Wincoop 2004).
In an effort to explain these ‘mysteries of the missing trade’ (Trefler 1995),
economists have increasingly pointed to the importance of informal barriers to
foreign trade as opposed to the rather formal ones noted above, in particular cost
of information on export markets and international contract enforcement
insecurity (Anderson 2000). Informal trade barriers can be analyzed using a
transaction cost economics (TCE)-framework (Williamson 1979).
Bearing resemblance to agency theory, TCE’s point of departure is the
recognition that markets often fail to satisfactorily handle economic transactions,
with sunk costs and asymmetric information accounting for some important
sources of market failure (Baumol and Willig 1981, Eisenhardt 1989).
Constituting “the economic equivalent of friction in physical systems”
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(Williamson 1985, p.19), transaction costs are determined by three important
attributes of transactions:




Contracts tend to be incomplete and cause maladaptation hazards due
to bounded rationality56 and opportunistic agents (Williamson 1998);
Transactions are complex and uncertain (Williamson 1979, Joskow
1985);
The transaction parties may need to make relation-specific
(idiosyncratic) sunk investments (Joskow 1985, Williamson 1985).

In such environments, Mahoney (1992, p.568) notes, “the risk of self-interested
agents utilizing asymmetric information to their advantage is high.” In other
words, if states of nature unfavorable to the contract occur upon closing a
transaction, one party has an incentive to default. In case contract enforcement
is lacking – and if agents foresee such conditions57 – they may decide to not incur
a transaction since they might face holdup on defaulted contracts (Anderson
2000).
TCE can easily be applied to a firm’s engagement in overseas export markets.
In doing so, it is appropriate to first distinguish three types of transaction costs:
(i) search and information costs; (ii) negotiation costs, and (iii) monitoring and
enforcement costs (North and Thomas 1973). Furthermore, it is important to
emphasize that these export-market specific transaction costs may accrue
recurrently, and can thus not be equated with a single sunk investment to gain a
foothold on export markets (Roberts and Tybout 1997).
Search and information costs may accrue primarily in the process of gathering
information on export markets as well as searching for suitable overseas trading
partners – which can be labeled agency costs. Market information costs are
pecuniary or non-pecuniary (e.g. investment in time) expenses a firm needs to
incur, for instance, to accumulate and update information related to (Sherlock
and Reuvid 2004):
- The product: Will the product satisfy possibly peculiar foreign tastes?
Are there specific product standards and legal requirements for the
selling of the product in the foreign market?;
- Local competition and pricing: What is the size of the market? How
fierce is competition? What are local selling prices and what could be the
firm’s selling prices?
- Promotion activities, and
- Distribution: Which distribution channels are adequate and what do they
cost?

Bounded rationality stipulates that agents neither have access to all relevant information,
nor are they able to fully understand all information required (Simon 1979, Simon 1991).
57 Agents within the TCE framework are indeed assumed to look ahead and perceive hazards,
and consider such hazards in the contractual calculus (Williamson 1998).
56

57

Jönköping International Business School

Agency costs, while somewhat overlapping with market information costs in
practice, can be conceptualized within the scope of a basic principal-agent setup
– which moreover is useful to explain the issues of negotiation costs as well as
monitoring and enforcement costs: The firm – the principal – performs a rather
open market transaction that involves agreeing on, and administering, a business
relationship with a buyer – the agent (e.g. a distributor) – in an unfamiliar
overseas export market. Such a venture can be interpreted as a relation-specific
(sunk) investment made under uncertainty (Baldwin and Krugman 1989, Dixit
1989). Relation specificity means that the investment exclusively serves the
promotion of an export relation and cannot be applied to other ends such as
domestic activities without switching costs (Verwaal and Donkers 2001).58
Uncertainty, on the other hand, prevails because a foreign export market
represents a less trustworthy setting, where the danger of opportunism through
adverse selection and moral hazard tends to be high, thus enhancing the
exporter’s perception of risk (Zacharakis 1997). Adverse selection and moral
hazard are two aspects of the so-called agency problem, and to a certain extent
interrelated (Eisenhardt 1989). The former occurs if the agent misrepresents her
ability in that she claims to possess certain capabilities when being hired, and if
the principal has difficulties in controlling these capabilities ex ante or ex post.59
Moral hazard, on the other hand, arises if the agent lacks effort and does not
carry out agreed-upon tasks – one may say that the agent shirks her duties. This
well-recognized issue of incomplete or rather implicit contracts (Williamson
1998, Anderson 2000) may contribute to an increased level of monitoring costs
and amplify contractual enforcement problems while, at the same time, adding
to search and negotiating costs in the form of enhanced due diligence (Zacharakis
1997).
There is reason to assume that information, negotiation and enforcement
costs are an increasing function of the distance between the exporting and the
importing country (Anderson 2000). Yet it has long been unclear what the
concept of distance actually implies – or should imply. While standard gravity
models often have interpreted distance almost exclusively in geographical, or
physical, terms, a scientific consensus has started to evolve that doing so may
convey a misleading image of reality: It might, so the argument goes, not
necessarily be the physical distance that determines trade flows between
countries but rather the cultural distance as well as the institutional distance
separating them (Kogut and Singh 1988, Ionascu, Meyer et al. 2004, Linders,
Slangen et al. 2005).

As Verwaal and Donkers (2001) note, these specific sunk investments require a certain
volume of export trade to recover the costs, which is why export-related economies of scale
may be relevant in export management.
59 Clearly, the exporter may be interested in misrepresenting his or her abilities as well. For
example, the firm may exaggerate the potential of its product in order to attract a better
agent, or improve its negotiating position with the agent (Zacharakis 1997).
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While the approach to distinguish cultural distance from institutional distance
– or ‘culture’ from ‘institutions’ – is legitimate from a theoretical point of view,
one should nevertheless point out that these seemingly differing terms are indeed
two sides of the same coin, given that they can be traced back to one unifying
conceptual construct: the formal and informal rules of the game in a society
discussed in Section 1 (North 1990). On that basis, cross-country cultural and
institutional distance, in principle, can be interpreted as the extent to which
overall institutional frameworks between nation-states deviate from each other,
with cultural distance alluding to differences in societies’ informal rules of the
game, and with institutional distance referring to diverging formal rules of the
game.60 Firms’ ex ante decision-making with regard to export entry is once more
illustrated in Figure I-4.

Figure I-4. Firms’ export entry costs
Source: Author’s illustration

4.2 Reducing Export Costs: Local Spillovers of
Export Knowledge
Export transaction costs constitute a natural barrier to export entry for firms
unable to incur those costs (Bernard and Jensen 1999, Bernard and Jensen 2004,
Greenaway and Kneller 2007, Wagner 2007). While this market failure in
principle calls for policy intervention (e.g. in the form of export subsidies), recent
It is not least due to Hofstede (1980) and Hofstede (2001)—who worked on dimensions of
national culture—and the World Values Survey (Inglehart 1997, Inglehart and Baker 2000)
that cross-country differences in institutional frameworks – and here in particular in terms of
cultural distance – have passed from being an elusive, but real existing, phenomenon to an
empirically tangible reality.
60

59

Jönköping International Business School

empirical research has suggested that the market itself may correct for the market
imperfection implied by the fact that is often only the larger and more productive
firms able to incur the high transaction costs of exporting (Aitken, Hanson et al.
1997). The authors found that the local milieu in which a potential exporter is
embedded can influence its export entry decision: Existing local exporters might
reduce export entry costs for a non-exporter via ‘local export spillovers,’ thereby
facilitating export entry.
A major channel through which such spillovers could operate are nonmarketbased learning mechanisms (Duranton and Puga 2003) involving export-related
learning via informal information and knowledge flows (Blomström and Kokko
1998). This could involve an informal exchange of information between
employees or managers of nearby firms on overseas market conditions and
foreign product standards (see Section 4.1)—for example in the context of their
membership in local trade associations, church or sports clubs. Learning effects
may also occur when labor with export management skills changes jobs within a
region, inducing export-market knowledge transfers toward the new employer.61
In the case of direct firm linkages, learning mechanisms might be triggered, for
instance, when a local firm acts as subcontractor and supplier to a nearby
Multinational Enterprise (MNE). Since an MNE, due to its foreign networks,
should be particularly knowledgeable on export markets, the local firm might be
able to tap into that knowledge and increase its own export productivity.62
Following the reasoning of the regional science literature outlined above,
these local spillovers of export-related knowledge and information should be
triggered by sufficiently high geographical proximity of exporters and nonexporters of similar industries (due to cognitive proximity), thereby lowering
non-exporters’ fixed export entry costs and boosting their probability of export
entry.63 These fundamental transmission channels are tested in the empirical
analysis in Part 5 for Swedish manufacturing firms as a baseline analysis.
My actual contributions to the literature stem from two hypotheses scarcely
investigated in the local export spillover literature. First, drawing on Wernerfeldt
(1984), I hypothesize that the local export spillover hypothesis may particularly
Anecdotal evidence on informal learning and knowledge sharing mechanisms is provided by
Schmitz (1995).
62 A second potential transmission channel for local export spillovers identified in the
literature are market-based interactions between (potential) exporters, such as the sharing
of costs and risks of exporting (Koenig, Mayneris et al. 2010). Common examples where
local exporters can share export costs and risks include market research, using leverage to
improve export financing and insurance conditions, bidding on large orders, negotiating
export service rate discounts, consolidating shipments, warehousing and after-sales services
(Anspacher 2002). This second transmission channel, however, goes somewhat against the
non-pecuniary, pure externality character of ‘spillovers’ that I am interested in (Breschi and
Lissoni 2001). Non-market mechanisms and market-based mechanisms are difficult to
disentangle empirically, which makes quantification of the respective spillover source difficult.
63 As discussed, geographical proximity, on top of that, increases the odds that social proximity
may be present as well, which boosts the spillover potential further.
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hold for small firms because of their limited internal resources—which in turn
may enhance their propensity to tap into an external resource such as local export
spillovers. Second, I hypothesize that spillover effects should be most significant
for firms in knowledge and contract-intensive industries relative to those
operating in less knowledge and contract-intensive sectors, given their high
requirements in terms of information and contract enforceability (see Thesis Part
5 for details). This is due to the established fact discussed above that export costs
associated with informal barriers to trade, such as lack of information on foreign
markets and contract enforcement uncertainty, still constitute major barriers to
trade. Firms in knowledge and contract-intensive industries are obviously
particularly affected by this—and may therefore benefit most from local
spillovers of export knowledge and information. The basic causal relationships
regarding local export spillovers tested are once more illustrated in Figure I-5.

Figure I-5. Causal relationships regarding local export spillovers
Source: Author’s illustration.
Note: The “+” (“-“) sign at the end of an arrow denotes a positive (negative) relationship
between the two respective variables involved.

5 Air Pollution and Environmental Innovation
in the Pulp and Paper Industry
This section introduces the reader to the empirical foundation of major parts of
the present thesis: the pulp and paper industry (PPI). In fact, the empirical
analyses of Parts 2 to 4—which test the effect of well-designed regulation on
innovation and firm performance—all use data on Swedish pulp and paper plants
or firms.64 The main focus of my analyses is on the link between environmental
regulation, process innovation related to air emission control, and potentially
64

Part 3 also chemical firms
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resulting process offsets—one transmission channel through which the Porter
Hypothesis can materialize (see Figure I-2). In that context, I am particularly
interested in air emission control related to the pollutants fossil carbon dioxide
(CO2), sulfur (S) and nitrogen oxides (NOx).65 Therefore, a brief discussion of
the principal structural mechanisms by which the above emissions are released
(Section 5.1), and measures to cut them (Section 5.2), is warranted. In that
context, I also take a stand on cost aspects, and opportunities for process
innovation offsets.66 In Section 5.3, I moreover lay some first foundations for
the quantitative analyses performed in Parts 2 to 4, by providing a detailed
descriptive investigation on production trends, energy use, and air emissions in
the Swedish PPI since the 1990s.

5.1 The Pulp and Paper Industry: An Air-polluting
Industry
The pulp and paper industry is an umbrella term encompassing various distinct
production processes and combinations thereof. A broad categorization can be
made between the pulp and the papermaking process. Paper constitutes a sheet
of fibers to which chemicals are added in order to influence the properties of the
sheet. Pulp, the basic input into paper production, can be manufactured by repulping recovered paper or by processing virgin fiber chemically (Kraft pulp or
sulfite pulp process) or mechanically (e.g. TMP, CTMP and NSSC pulping).67
Paper and pulp mills are integrated or non-integrated: A non-integrated paper
mill needs to purchase market pulp for producing paper, whereas a nonintegrated pulp mill produces pulp for sale on the open market. Integrated paper
and pulp mills combine paper and pulp production on the same site. While Kraft
pulp mills can be both integrated and non-integrated, the mechanical pulping,
the recovered paper as well as the sulfite process usually are integrated with paper
mills (European Commission 2001). To transform fibers into pulp and paper,
mills not only require chemical additives but also consume considerable amounts
of process water and energy, both thermal and electric. This turns the industry
into a significant emitter of air and water pollutants, as well as waste, creating a
large environmental footprint.
Throughout this thesis, I use the terms sulfur (S) and sulfur dioxide (SO2) interchangeably.
As a rule of thumb, two units of SO2 emissions correspond to one unit of sulfur emissions (email conversation with Mrs. Ingrid Haglind from the Swedish Forest Industry Federation on
October 11, 2012).
66 The subsequent discussion draws heavily on work from the European Commission (2001),
Kramer, Masanet et al. (2009), and the International Energy Agency (2007).
67 TMP and CTMP refer to Thermo-Mechanical-Pulping and Chemi-Thermo-MechanicalPulping, respectively. NSSC pulping stands for Neutral Sulfite Semi-Chemical-Pulping.
Produced by a mixture of chemical and mechanical pulping, it is the most widely used type of
semi-chemical pulp (European Commission 2001).
65
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Swedish data confirm this picture in regard to air pollutants, the focus of this
study. The Swedish PPI, for example, is a large emitter of climate-damaging CO2,
standing for 15 percent of Swedish CO2 emissions from industrial fossil fuel
combustion in 2010 (SEPA 2012). In 2010, pulp and paper firms, moreover,
accounted for a considerable (35 percent) portion of Swedish manufacturing
industry’s emissions of SO2. A colorless gas, SO2 causes acid rain, impacting the
natural balance of rivers, lakes and soils, damaging wildlife and vegetation.68
Another relevant air pollutant emitted by pulp and paper mills’ combustion
processes is NOx. Constituting a mixture of two gases—nitric oxide (NO; 90%)
and nitrogen dioxide (NO2; 10%)—NOx causes damage to plant life,
contributing to acid rain. In the case of NOx, the PPI’s involvement is even more
noteworthy: Between 1993 and 2010, its share in Swedish manufacturing
industry’s NOx emissions has grown from 42 percent to over 46 percent.69
CO2, NOx and sulfur emissions are by-products of the combustion of fossil
and non-fossil fuels to produce energy. A peculiarity with NOx emissions is that
they are produced not only by burning the nitrogen bound in fuels (fuel NOx),
but also through reaction of nitrogen and oxygen in the combustion air (thermal
NOx). In pulp and paper mills, these atmospheric pollutants are released in the
context of generating heat and electricity, as well as in the processing of pulping
chemicals, with the latter being specific to chemical pulp mills, particularly those
using the Kraft pulping process.
There are in principle two sources of air emissions at a pulp and paper mill:
(i) on-site auxiliary boilers burning fuels to produce electricity, steam, and process
heat needed for the paper and pulp manufacturing process; and (i) pulp mills’
chemical recovery combustion units, such as recovery furnaces or lime kilns,
which recover process chemicals of black liquor but also generate electricity,
steam and heat for mill processes as by-product.70 Besides those directly released
emissions, one also has to consider indirect air emissions originating from the
off-site production of energy—which is purchased by and supplied to the mill,
without directly putting a strain on its emission statistics. The latter is often the
only source of energy for smaller non-integrated paper-making plants. (European
Commission 2001, U.S. EPA 2010).
The fundamental physical relationship between energy use and atmospheric
emissions notwithstanding, a pulp and paper mill’s actual emission levels are
determined by a variety of factors. Some fundamental parameters shall be briefly
presented below.
Scale
SEPA (2013). "Swedish Pollutant Release and Transfer Register (PRTR)." Retrieved January
5, 2013, from http://utslappisiffror.naturvardsverket.se.
69 Statistics Sweden (2013). "Miljöräkenskaper." Retrieved February 6, 2013, from www.scb.se.
70 The latter emission source is both non-energy-related (e.g. biomass CO2 is released due to
chemical reactions in the lime kiln) and energy-related (e.g. fossil fuels are burned in the lime
kiln, releasing fossil CO2, NOx and sulfur).
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63

Jönköping International Business School

Given the fundamental relationship between fuel combustion and air emissions,
the more energy a mill consumes, in absolute terms or per ton output, the higher
its atmospheric emissions (emission intensities, if energy intensity is the
parameter of interest). Absolute energy use, in turn, is naturally related to plant
size, that is, a larger scale of operations will result in larger absolute emissions to
air.71
Production process
While the PPI on aggregate is highly energy-demanding, energy use, and hence
atmospheric emissions, depend on the underlying production process. The
chemical pulping process, and here in particular Kraft pulping, tends to be most
energy-intensive, involving the consumption of large amounts of energy. On the
other hand, chemical pulp mills often only require minor amounts of external
energy, in the form of fuels incinerated on-site or externally produced electricity,
because they generate electricity and steam on-site by means of biomass
residues—by-products of chemical pulping (European Commission 2001).72 The
extensive use of biofuels in chemical pulp mills positively affects emissions of
fossil CO2, thereby limiting CO2 reduction potentials (International Energy
Agency 2007). Yet, it increases NOx, and to a minor extent sulfur, emissions,
which accrue even when burning such regenerative fuels (European Commission
2001).
Modern integrated pulp and paper mills, which are typically large-sized, tend
to have the best performance record in terms of energy and CO2 emission
intensity—largely because the energy needed for drying pulp can be saved, and
potential excess energy generated by the pulp mill can be used efficiently in the
integrated papermaking process (International Energy Agency 2007).73 For the
very same reason, those mills, in general, also minimize NOx and sulfur emission
intensities. When comparing different types of integrated mills, it is the integrated
recycled paper plants that tend to feature the most favorable NOx and sulfur
emission intensities. This is because they require less energy for the processing
of the recovered paper than what is needed for chemical and mechanical pulping.
At the same time, those mills often perform worse with regard to their CO2
emission intensities, due to the fact that they consume fossil fuels, and require
more electricity from the grid, whereas particularly modern chemical pulp mills
are practically CO2 neutral.
On the other hand, large-scale energy-demanding pulp and paper plants have more favorable
emission intensities than their smaller scale counterparts. This will be outlined below.
72 This efficient energy recovery implies that around 50% of the incoming wood used for
pulping is incinerated in the recovery boiler (strong black liquor) and that wood residues (e.g.
bark) are used as auxiliary boiler fuel. Fossil fuels are usually support fuels, and chemical pulp
mills often deliver surplus energy to the grid (European Commission 2001).
73 Note that it may be possible that a stand-alone pulp mill can reach the same level of energy
efficiency as an integrated mill if it is able to sell excess energy, for example to the electricity
grid (International Energy Agency 2007).
71
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The major environmental issue with mechanical pulping and with
papermaking consists in their electricity demand. The former consumes large
quantities of electric power relative to the other production processes, either
generated on-site or supplied externally. The papermaking process is highly
electricity-intensive, consuming large amounts of electric power per ton output.
Because electricity tends to be generated using fossil fuel combustion,
atmospheric emissions of CO2 are of concern; not necessarily in absolute terms,
given the usually smaller scale of operations, but relative to output. This applies
in particular to non-integrated paper mills, which cannot make use of excess
energy from the pulping process and therefore often have to rely on fossil fuels
for electricity production. It is also noteworthy that even among paper mills, air
emissions can vary considerably. This is because they may differ in the paper
grades manufactured, which have different energy requirements. (European
Commission 2001, International Energy Agency 2007)
Choice of fuel type for combustion
Air emission levels depend on the actual choice of fuels. In practice, a mill
generating energy on-site can use either fossil fuels or biofuels (usually woodderived) for combustion, or a mix of both. It can moreover choose between
different types of fossil fuels, that is, coal, fuel oil and natural gas, or a
combination thereof. As indicated above, biofuels have the advantage that they
are classified as CO2 neutral (not affecting the greenhouse effect) because the
biomass captures and stores the biogenic CO2 released during combustion when
growing (SEPA 2012). Their downside, though, is that they heavily contribute to
emissions of NOx (Sterner and Turnheim 2009). The general problem with fossil
fuels is that their combustion causes fossil CO2 emissions, which do contribute
to the greenhouse effect, with coal (natural gas) being the most (least) harmful
fuel type in terms of its CO2 emission potential. With regard to the NOx and
sulfur footprint of fossil fuels, natural gas tends to have the least environmental
impact74, whereas the burning of fuel oil and coal results in rather large NOx and
sulfur emissions (SEPA 2012). Sulfur emissions from coal and fuel oil
combustion can, however, be mitigated by switching to low-sulfur coal or oil
(European Commission 2001). Table I-1 summarizes this issue by listing mean
general emission factors for different fuel types for the period 1996-2011.

Schindler (2012), for example, notes that modern natural gas burners burn cleanly and
completely, with NOx constituting the primary pollutant of concern. In fact sulfur emissions
from natural gas are negligible (SEPA 2012).
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Table I-1. Mean general emission factors for different fuel types, 19962011
FUEL
GROUP

Liquid
Liquid
Liquid
Gaseous
Solid
Biomass
Biomass

FUEL TYPE
Gas oil
Residual fuel oil
LPG
Natural gas
Coal
Wood fuels
Crude pine oil

MEAN GENERAL EMISSION FACTOR, 1996-2011
kg NOX/GJ
kg NOX/GJ
kg NOX/GJ
0.05
0.05
0.05
0.06
0.06
0.06
0.07
0.07
0.07
0.05
0.05
0.05
0.09-0.15
0.09-0.15
0.09-0.15
0.06-0.09
0.06-0.09
0.06-0.09
0.13
0.13
0.13

Source: SEPA (2010) and SEPA (2012).

Energy efficiency
As shall be discussed more thoroughly in Section 5.2, emission levels hinge upon
the degree of a mill’s energy efficiency. This, on the one hand, includes energy
efficiency in more general terms—applicable across production processes and
usually related to the equipment and component level (e.g. technical age of
boilers), the facility level (e.g. degree of process integration) and the
organizational level (e.g. implementation of energy and environmental
management systems). On the other, it may involve mills’ process-specific energy
efficiency: their ability to, by means of process optimization and control, ensure
maximum energy efficiency in their respective manufacturing process, such as
raw material preparation, chemical and mechanical pulping and papermaking.
(Kramer, Masanet et al. 2009)
NOx and SO2 emission control measures
A mill’s SO2 and NOx emissions are driven by the extent to which emission
control measures are implemented, for example in the recovery and auxiliary
boilers.75 Established NOx control practices include the modification of
combustion techniques, such as low-NOx burners (LNBs) and overfire air
(OFA), and post-combustion techniques, known as flue gas treatment (FGT), of
which Selective Catalytic Reduction (SCR) and Selective Non-Catalytic
Reduction (SNCR) are the most developed ones (World Bank 1998, European
Commission 2001). Sulfur emissions from auxiliary and recovery boilers can be
controlled, for example, by installing a scrubber.76.
In the future, emission control technologies for CO2 may become a viable option as well in
the pulp and paper industry (Möllersten, Gao et al. 2006).
76 Which of the two emission control types is implemented at a given boiler, often depends
on a boiler’s size. For cost reasons, it is more common to equip large boilers with postcombustion techniques, such as SNCR or a scrubber, than small boilers. For smaller boilers,
using modified combustion techniques is more cost-effective. In the pulp and paper industry,
(auxiliary) boilers are of a very variable size, ranging from 10 to above 200 MW (European
Commission 2001).
75
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The above discussion suggests four broad avenues for air emission cuts at
pulp and paper mills: (i) output reduction or output changes; (ii) switching toward
low-emission fuels; (iii) improving energy efficiency; and (iv) increased use of
emission control technologies. Reducing output would be a mill’s most
straightforward option because it will decrease energy consumption which, in
turn, will have a positive effect on air emissions. Output changes might also be
possible in theory if a pulp and paper mill combines various production processes
at one site.77
The remaining strategies can be classified as environmental process
innovation, with measures (ii) and (iii) being examples of production-integrated
innovations or cleaner production technologies. By contrast, emission control
measures are end-of-pipe innovations associated with, but not essential to, the
production process, because their primary function is to curb the polluting
emissions (Frondel, Horbach et al. 2007). Environmental process innovations
are indeed the most common type of environmental innovation in an energyintensive industry like the PPI (Kivimaa and Kautto 2010). The primary purpose
of the empirical analyses in Parts 2 to 4 is to analyze the role of environmental
regulation in stimulating this type of innovation as well as process offsets that
may result from it. The main focus is on environmental process innovation in
the field of air emission control.78 This link will be discussed in more detail in the
following section, and is once more illustrated in Figure I-6 below.

This conjecture was confirmed by the production manager at the Holmen Braviken paper
mill in Norrköping, Sweden, during a personal interview in June 2011. The Swedish regulatory
authorities had demanded that Holmen Braviken should increasingly switch to recycled fiber
(instead of producing mechanical pulp) to improve on energy efficiency and reduce emissions.
78 As shall be seen in Part 3, I also analyze whether environmental regulation stimulates
product innovation and organizational innovation. Product innovation represents the second
conceivable transmission channel of the Porter Hypothesis (see Figure I-2), whereas
organizational innovation has received growing attention in the academic and policy debate
for its supporting function in stimulating product or process innovation (see Part 3).
77
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Figure I-6. Typology of environmental process innovations for air
emission control
Source: Author’s illustration.
Note: End-of-pipe emission control measures are only applicable to SO2 and NOx pollutants.
To date, there is no established technique to control CO2 emissions. Carbon Capture and
Storage (CCS) may be a viable option in the future.

5.2 Environmental Process Innovation and Process
Offsets
Based on the above typology of environmental process innovations related to air
emission control, this section outlines in more detail which specific strategies
pulp and paper mills dispose of in each of these three innovation areas to reduce
emissions. Moreover, avenues for innovation offsets are outlined.

5.2.1

Clean Production Technologies

The option of switching to cleaner production technologies is a so-called precombustion strategy (Sterner and Turnheim 2009). It commonly involves
substituting regenerative fuels such as bark and wood waste for fossil fuels to
reduce fossil CO2 and SO2 emissions.79 The combustion of natural gas or lowsulfur coal and oil is another way of lowering SO2 emissions, with natural gas
As discussed in Section 5.1, regenerative fuels do not necessarily lead to a reduction in NOx
emissions.
79
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also performing well in terms of cutting fossil CO2 and NOx emissions (see also
Table 1).80 Besides, changing the fuel mix to curb emissions is cost-competitive,
in principle sparing the mill management more expensive investments in
additional control measures (U.S. EPA 1999).81 As discussed in Section 3.1,
Porter favors the development and adoption of clean production technologies
because of their potential for innovation offsets through enhanced resource
productivity as well as due to their ability to reduce pollution at an early stage.

5.2.2

Energy Efficiency Measures

Improving a mill’s energy efficiency is certainly an interesting strategy from a
cost-benefit perspective. While tending to entail higher upfront costs than
emission control measures, it yields the potential double benefit of cutting not
only atmospheric pollutants, as in the case of add-on emission controls, but also
energy costs—both as a result of the mill’s reduced energy consumption.82 In
general, energy efficiency improvement measures revolve around reducing the
consumption of primary steam and electric power, as well as increasing the
internal generation of steam and electric power (European Commission 2001).
As mentioned above, a useful distinction can be made between process-specific
and cross-cutting improvement practices—with the latter involving measures
that improve energy efficiency at the equipment and component, the facility, as
well as the organizational level.83
The equipment and component level provides one of the most significant
opportunities for energy savings, which are typically realized through
investments to replace, rebuild or upgrade process equipment. Regular
preventive maintenance and proper equipment operation, too, contribute to that
aim (European Commission 2001, Kramer, Masanet et al. 2009). The most
relevant types of process equipment from the point of view of energy
consumption are related to steam systems and motor-driven systems. Steam
systems, which consist primarily of power boilers and recovery boilers, have the
highest potential for energy efficiency improvements, with improvement
measures focusing on heat recovery and lower heat consumption. Motor-driven
systems, such as materials processing equipment, pumps, and fans, are a large
consumer of electricity in a typical pulp and paper mill. Thus, increased energy
80.

Natural gas used as fuel can emit 60% less NOx than coal and virtually no particulate matter
or sulfur oxides (World Bank 1998).
81 The World Bank (1998) notes that the most cost-effective way of cutting NOx emissions
will be to use low-nitrogen fuels such as natural gas. This most likely involves investments in
multi-fuel boilers or investments to convert boilers to natural gas boilers (Schindler 2012).
82 Energy expenditures are indeed a significant cost driver for an energy-intensive industry like
the pulp and paper industry (see Section 5.3 for the Swedish case).
83 While it is conceptually useful to separate cross-cutting and process-specific measures, in
practice, there is a certain degree of overlap between them (European Commission 2001,
Kramer, Masanet et al. 2009).
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efficiency in this area implies lowering the mill’s electricity use (Kramer, Masanet
et al. 2009).
Major energy saving potentials at the facility level concern the minimization
of the direct use of steam through process integration techniques, but also the
efficiency of space ventilation and lighting. One promising type of process
integration is combined heat and power (CHP) technology (International Energy
Agency 2007). CHP plants reduce the energy losses associated with the separate
production of power and heat by jointly generating both. Their efficiency
advantage compared to standard power plants is based on their ability to make
use of otherwise lost waste heat and minimize electricity transmission losses. The
implementation of CHP in a pulp and paper mill typically entails fuel savings
from 10 to 20 percent (International Energy Agency 2007), and reduces grid
demand, thereby stabilizing energy costs as well as curbing air emissions. If the
co-generation potential of a facility is optimized, excess electricity may be
produced and exported to the public grid, yielding additional revenues. Installing
a CHP system can be cost-effective if the pulp and paper mill has high and
continuous process steam and electricity demand, high annual operating hours,
and on-site generated fuels (U.S. EPA 2010). The actual cost savings, as well as
the payback time, of a CHP investment, however, largely depend on electricity
and fuel prices (European Commission 2001).
Measures at the organizational level have a supportive, but nevertheless
important, function to achieve energy efficiency improvements at a pulp and
paper mill. A well-proven and cost-effective measure is the implementation of
an energy management system. Such a system aims at shifting the organization’s
mindset toward an optimized organization-wide management of energy—by
creating a comprehensive framework for energy target setting, monitoring and
continuous improvement practices (Kramer, Masanet et al. 2009).84 Staff training
and involvement, as well as the complementing use of environmental
management systems, also contribute to energy efficiency savings (European
Commission 2001, Kramer, Masanet et al. 2009).85
Besides those cross-cutting areas for energy efficiency improvements, there
are, as indicated, energy saving potentials specific to the respective production
processes at pulp and paper mills—realizable by optimizing and controlling those
processes in regard to energy use. The most significant energy savings can
certainly be achieved in the chemical pulping process because it accounts for the
lion’s share of fuel, electricity and steam use in the industry (Kramer, Masanet et

SS 627750 is a Swedish standard, in existence since 2003, for the introduction of energy
management system at energy-intensive facilities (Swedish Standards Institute 2014, retrieved
January 11, 2014 at www.sis.se).
85 Examples of Environmental Management Systems are: ISO 14000 and its successor ISO
14001 (ISO 2014, retrieved January 11, 2014 at www.iso.org) and the European EcoManagement and Audit Scheme (EMAS) (European Commission 2014, retrieved January 11,
2014 at http://ec.europa.eu/environment/emas/index_en.htm).
84
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al. 2009).86 Moreover, because chemical pulping is often the most common
technique of processing wood pulp in the industry, increasing energy efficiency
there will have a significant impact not only on the energy and environmental
footprint of the individual mill but the whole pulp and paper sector.87 Regarding
mechanical pulping and papermaking in non-integrated mills, energy saving
measures should focus on reducing electricity consumption with the help of
energy-efficient technologies, due to the above-named high electricity demand of
these processes. For example, since over 90 percent of the electricity consumed
in mechanical pulping is transformed to heat, the increased use of heat recovery
systems would constitute an adequate strategy for energy efficiency gains.
However, in order for a mill to better reap the energy benefits of heat recovery,
and for an investment into heat recovery systems to be cost-effective, the mill
should be integrated and, related to that, sufficiently large (European
Commission 2001, International Energy Agency 2007).88 At recycled fiber plants,
energy efficiency gains correspond to lowering steam and electricity
consumption. However, since this production method is less energy-consuming
than chemical and mechanical pulping, it is argued that increasing the use of
recycled pulp would in itself be an effective measure to save energy and thus
reduce air emissions (Kramer, Masanet et al. 2009).89 Figure I-7 summarizes the
energy efficiency improvement strategies presented above.

Specific measures associated with the pulping, bleaching and chemical recovery stages of the
chemical pulping process are discussed by the European Commission (2001) and Kramer,
Masanet et al. (2009).
87 In Sweden, for example, the share of Kraft pulp in total wood pulp production has constantly
been over 60 percent since 1990. Moreover, the share of chemical pulp (i.e. Kraft and sulfite
pulp) in total wood pulp production has been constantly above 60 percent since 1990 (own
calculations based on data from the Swedish Forest Agency, retrieved December 2013 at
www.skogsstyrelsen.se). In the U.S. chemical pulping accounted for almost 85 percent of wood
pulp production in 2008 (Kramer, Masanet et al. 2009).
88 Progress in reducing electricity demand in mechanical pulping has been modest, partly
because energy efficiency gains have been offset by mills’ increased use of high-quality
mechanical pulp, which is more energy-intensive than lower-quality variants. This applies in
particular to Canada and Scandinavia. A similar trend has been observed in papermaking:
investments in modern paper machines and higher demand for specialty papers have spurred
electricity demand, masking electricity efficiency gains in the production process (International
Energy Agency 2007).
89 This would ideally occur in combination with on-site paper production to maximize energy
and emission efficiency (see Section 5.1.1).
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Figure I-7. Energy efficiency measures at pulp and paper mills
Source: Author’s illustration based on Kramer, Masanet et al. (2009) and the European
Commission (2001).

5.2.3

End-of-pipe Emission Control Strategies

End-of-pipe emission mitigation strategies for SO2 and NOx, too, can make a
substantial contribution to air emission reductions while being financially viable.
The World Bank (1998) for example, estimates that a comprehensive set of
combustion modifications, including a low-NOx burner, can reduce NOx
emissions by 50-80% at a reasonable cost. Post-combustion techniques are still
more effective in achieving emission reductions, but at a higher cost. In terms of
NOx control, SCR is certainly the most effective technique but also the most
expensive, whereas SNCR is somewhat less costly but also less effective (MJ
Bradley & Associates 2005).90 As to SO2 emission abatement, the
aforementioned technique of installing a scrubber makes sense from an
environmental point of view but is less cost-effective for smaller installations.
Therefore, it is more common to equip large boilers with such post-combustion
techniques than small boilers. For smaller boilers, modified combustion
techniques are more cost-effective (European Commission 2001). Besides the
installation of those physical mitigation technologies, a further avenue for
curbing emissions is innovation in non-physical mitigation technology, that is,
controlling NOx and SO2 emissions via ’learning-by-doing’ innovations. This
approach furthermore is cost-effective: it constitutes a ‘low-hanging fruit’ in
Estimates by the World Bank (1998) and the U.S. EPA (1999) point to a NOx reduction
potential through the use of SCR of 60–94%, at a capital cost of US$40–$80/kilowatt. The
same organizations estimate that SNCR systems can reduce NOx emissions by 30–70%, at a
capital cost of US$10-$20 per kilowatt.
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pollution abatement, thereby reducing potential net costs of regulatory
compliance (Höglund-Isaksson and Sterner 2009). In general, however, end-ofpipe measures are considered costly and unproductive (Porter and van der Linde
1995a, Porter and Van der Linde 1995b).

5.3 The Swedish Pulp and Paper Industry
This section constitutes a first building block of my subsequent empirical analysis
on regulation-induced environmental innovation and performance, as well as
innovation offsets, in the Swedish PPI.91 In Section 5.3.1, I first shed light on
how the industry’s air emissions and output have developed since the mid-1990s,
and I relate these developments to parallel changes in the industry’s energy use.
Section 5.3.2 then provides some more detailed insights into the industry’s
modified energy consumption patterns since the 1990s. In that context, I also
comment on innovation offsets that may have resulted. Finally, Section 5.3.3 is
devoted to providing descriptive evidence on which sub-sectors or production
processes within the Swedish PPI matter most from an economic and
environmental (air emissions, energy use) point of view.

5.3.1

Trends in Air Emissions and Output

Figure I-8 reports trends in air emissions and total pulp and paper output for the
Swedish PPI since the mid-1990s. While air emissions developed favorably in
general, there are significant reductions in particular in fossil CO2 and SO2: CO2
emissions decreased by over 7 percent on an annual average basis between 1996
and 2011, implying a total reduction of 70 percent during that period. The annual
average reduction of SO2 emissions was around 6.6 percent, translating into a
total reduction of 67 percent between 1996 and 2011. NOx emissions, on the
other hand, were only cut by 13 percent over the total period (or 0.9 percent on
an annual average basis). These figures are remarkable because they are not the
result of a reduction in total industry output—total production of pulp and paper,
during 1996-2011, soared by 23 percent. They are the result of ‘decoupling’
growth from environmental impact by means of investing in clean technologies
for on-site energy generation, as well as by implementing end-of-pipe emission
control measures.92
The second building block are two descriptive analyses (in Sections 6.1.3 and 6.2.5), which
build on those in the present section. The third building block are the econometric tests in
Parts 2 to 4, which will draw heavily on the insights gained from the descriptive investigations.
92 There is evidence that fundamental reconfigurations of processes technologies are the
driving force in that context in a sense that they are deemed indispensable to simultaneously
achieve output growth and emission reductions (Bergquist and Söderholm 2010, Lindmark,
Bergquist et al. 2010).
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Figure I-8. Industry trends in air emissions, production and energy use
Source: Author’s illustration based on data from Swedish Forest Industries and Statistics
Sweden.93
Note: Total output denotes the sum of total pulp and paper production in each year. The
definition of the industry’s net electricity as well as total energy use is adapted from Swedish
Forest Industries (2014) and computed as follows: Total energy use = biofuels + fossil fuels +
purchased thermal energy – sold thermal energy + purchased electricity + electricity produced
on-site – sold electricity. Net electricity use = purchased electricity + electricity produced onsite – sold electricity.Net use of fuels and thermal energy = biofuels + fossil fuels + purchased
thermal energy – sold thermal energy.

The former is captured in Figure I-8 by opposing trends of biofuel and fossil fuel
consumption: The use of biofuels increased by 35 percent since 1996, whereas
fossil fuel consumption declined by more than 65 percent during the same
period. The dramatic decline in CO2 and SO2 emissions can in principle be
explained by the gradual abandonment of fossil fuels, as well as by a switch
toward low-emission fossil fuels (cf. Table I-1), in particular natural gas and LPG
(see also Section 5.2.1). In the case of SO2, there is most likely an additional
contributing factor: the adoption of end-of-pipe emission control measures.
They are included in the PPI’s annual investment in air pollution abatement.94
NOx pollutants do not exhibit an equally positive reduction trend. This has partly
to do with the substitution of biofuels for fossil fuels, which cause considerable
Statistics Sweden (2013). “Statistikdatabasen.” Retrieved January 23, 2013, from
www.scb.se. Swedish Forest Industries (2013). “Miljödatabasen.” Retrieved January 4, 2013,
from http://miljodatabas.skogsindustrierna.org.
94 Investments in clean technologies can also be expected to be part of the industry’s annual
investment in air pollution abatement, yet is unclear to what extent because clean
technologies, while contributing to curbing emissions, have productive purposes as well, so
that plant managers might have difficulty in ascribing such clean technology investments solely
to pollution abatement expenditures (Berman and Bui 2001).
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NOx emissions—although of a lower magnitude than, say, fuel oil and coal (see
Section 5.2). Nevertheless, the industry has achieved NOx emission
improvements, probably through investments in end-of-pipe emission control
(Höglund-Isaksson and Sterner 2009).

5.3.2

Trends in Energy Use and Efficiency

Figure I-8 also displays trends in the industry’s total energy consumption, which
is composed of its net electricity use and its net use of fuels and thermal energy.95
As can be seen, total energy use was highly correlated with total output: both
indicators increased steadily until 2008, before falling slightly, most likely due to
a faltering world economy. Total energy use itself was largely driven by the
industry’s net use of fuels and thermal energy, which accounts for over 70% of
the industry’s total energy requirements. Net electricity consumption, which
stands for the remaining ca. 30% of total energy use, also influenced this
indicator, albeit to a smaller extent. The next two subsections cast further light
on the industry’s consumption patterns regarding fuels and thermal energy as
well as electricity. In that context, I also comment on innovation offsets from
which the industry most likely benefited as a result of modifying these
consumption patterns—that is, due to increasing energy efficiency in the
production process. Overall energy efficiency improved slightly, which is
indicated by the fact that the industry’s total specific energy use dropped by
0.45% in annual average terms during 1996-2011.
Thermal Energy Use and Efficiency
Figure I-9 provides some basic patterns regarding the industry’s gross use of fuels
and thermal energy, decomposing the parameter into its constituents. The
findings from Figure I-8 are confirmed: since 1999, the lion’s share of the
industry’s thermal energy use has been based on internally generated and
consumed biofuels (ca. 95% in 2011).96 At the same time, an ever decreasing
proportion of fuel and thermal energy consumption is generated by means of
fossil fuels (ca. 5% in 2011). Moreover, one can see that a small part of the
industry, namely those plants without internal generation of thermal energy,
purchases thermal energy, most likely from those plants with excess (bio)-energy
(ca. 1-3%). Also, significant volumes of thermal energy (3-4%), most likely based
on biofuels as well, have been sold—not only within the industry but also to
external consumers, yielding process offsets in the form of additional revenues.97
Besides, as discussed in Sections 5.1 and 5.2, biofuels are a relatively cheap input
factor because they often are by-products in the production process. This in itself
See the note below Figure I-8 for a definition of both terms.
The pulp and paper industry is the largest user, and at the same time the largest producer,
of bioenergy in Sweden (Swedish Forest Industries 2014).
97 For example, in many Swedish municipalities, biofuel-based excess heat from the pulp and
paper mills is supplied in the form of district heating. In 2012, this amounted to 2.7 TWh.
95
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constitutes a process innovation offset, since plants avoid purchasing external
fossil fuels, whose prices have increased substantially since the 1990s.98

Figure I-9. Gross use of fuels and thermal energy in the Swedish PPI,
1999-2011
Source: Swedish Forest Industries.

Figure I-10 sheds some additional light on this increasingly popular input factor,
by showing the relative importance of major types of biofuels used in the Swedish
PPI. Black liquor, the by-product from chemical pulping (see Section 5.1), is by
far the most important biofuel, accounting for ca. 75% of total biofuel use during
2008-2011.99 Wood fuels are the second largest biofuel, constituting ca. 20% of
total biofuel use, followed by crude pine oil, which answers for 3-4% of total
biofuel consumption. These figures suggest that process innovation offsets may
be relatively large at Swedish chemical pulp mills, primarily as a result of being
able to use black liquors ‘free of charge’ (net of modernization investments) for
internal generation of thermal and electrical energy, but also due to the fact that
their large energy production potential enables them to sell excess energy (see
below).

I dispose of micro data on Swedish pulp and paper firms. The data include information on
firms’ purchase price of fossil fuels during 1998-2008. The data stem from Statistics Sweden
(2012). “Microdata Online Access (MONA).” Retrieved October 25, 2012, from Statistics
Sweden’s remote desktop.
99 Consumption of black liquors has increased by 20% since 1996, from 31 to 37 TWh
Swedish Energy Agency (2011). “Energy in Sweden - facts and figures 2011.” Retrieved
January 6, 2013, from www.energimyndigheten.se.
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Figure I-10. Average share of various biofuel types in total biofuel use in
the Swedish PPI, 2008-2011
Source: Author’s illustration based on data from Statistics Sweden100.

Finally, Figure I-11 gives some additional information on the industry’s use of
fossil fuels since 1998. Two major observations can be made: First, the dominant
fossil fuel type used by the industry are medium-heavy (residual) fuel oils; the
‘dirtiest’ fossil fuel together with coal (see Table I-1). In 2011, it still accounted
for ca. 70% of total fossil fuel use, albeit with a falling trend (in 1998 the
respective share was almost 90%). Second, fuel oils, as well as natural gas, appear
to have been gradually substituted for by the low-emission fuel LPG, whose share
in total fossil fuel use increased from ca. 2% in 1998 to almost 20% in 2011.
Natural gas is an interesting case because its favorable emission characteristics in
principle would make it even more suitable for use as LPG (see Table I-1). I will
get back to this in in Section 6.1.3. Finally, coal, certainly the dirtiest fossil fuel,
only plays a marginal role in the industry.

Statistics Sweden (2013). “Miljöräkenskaper.” Retrieved February 6, 2013, from
www.scb.se.
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Figure I-11. Use of fossil energy sources in the Swedish PPI, 1998-2011
Source: Statistics Sweden.101

Electricity Use and Efficiency
As seen, the Swedish PPI is also a large user of electricity. The sector’s
consumption of electric power amounted to over 20 TWh in 2012, which is 14%
of total Swedish electricity use. Figure I-12 provides a breakdown of the
industry’s gross electricity use. It becomes clear that the industry’s primary
electricity source is purchased electricity from the grid. In 2011, around 75% of
its net electricity demand was covered by external electricity supplies. Two
implications emerge from this: Firstly, the electricity generated off-site stems
from clean energy sources; in fact 95% of the industry’s electricity demand is
based on nuclear power, biofuels and wind power, which means a reduced
environmental footprint.102 Secondly, the dependency on external electricity puts
financial strains on the industry, given that its purchase price for electricity has
skyrocketed, increasing by 81% between 1998 and 2008. Not surprisingly,
electricity costs are a major cost driver for the industry; in 2008, for example, its
running costs for external electricity amounted to 6.7 billion Swedish Krona
(SEK), clearly outperforming fossil fuel costs, which were 1.6 billion SEK.103
Statistics Sweden (2013). “Miljöräkenskaper.” Retrieved February 6, 2013, from
www.scb.se.
102
Cf. Swedish Forest Industries (2014), retrieved on August, 12, 2014 at
www.skogsindustrierna.org.
103 Statistics Sweden (2012). "Microdata Online Access (MONA)." Retrieved October 25,
2012, from Statistics Sweden’s remote desktop. Additional evidence in this regard comes
from Statistics Sweden’s company database. It is estimated that energy costs in the Swedish
pulp, paper and printing industry, in 2010, amounted to 9.6 percent of the industry’s total
variable costs, outstripping other energy-intensive industries such as the chemical industry
101
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Electricity demand will most likely remain high in the future because of expected
increases in production and due to the fact that pulp and paper firms are ever
more focusing on high value-added products, which are more electricity
consuming. Therefore, securing access to cheap electricity, and improving
electricity efficiency, are key issues for the industry (Swedish Forest Industries
2012).

Figure I-12. Gross electricity use in the Swedish PPI, 1999-2011
Source: Author’s illustration based on data from Swedish Forest Industries104.

Increasing on-site electricity production from renewable energy sources is part
of this equation because in addition to being environmentally friendly, electricity
tends to be produced in a more efficient way (see Section 5.2). This however
requires modernization investments in new boilers and turbines with higher
capacities, as well as growing pulp and paper output, because an efficient on-site
electricity generation makes use of the thermal energy generated in the
production process. CHP plants are an example in that context. They typically
yield significant fuel savings and, if optimized, even generate additional revenues
in the form of excess electricity that can be exported to the public grid (see
Section 5.2).
In Sweden’s PPI, the necessary investments associated with on-site electricity
generation have been made in recent years. New bio boilers and (backpressure)
turbine systems have enabled plants to increasingly generate biofuel-based
(7.1 percent) and the iron, steel and metalwork industries (4.6 percent). Statistics Sweden
(2012). "Företagens ekonomi." Retrieved January 26, 2013, from www.scb.se.
104 Swedish Forest Industries (2013). "Miljödatabasen." Retrieved October 4, 2012, from
http://miljodatabas.skogsindustrierna.org.
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electric power themselves, thereby slightly reducing its dependency on electricity
from the grid (Swedish Forest Industries 2012). In 2011, ca. 25% of the industry’s
electricity demand was satisfied by electric power produced on-site, compared
with around 20% in 1999 (see Figure I-12). The same figure shows that this
transition also has resulted in innovation offsets for the industry (beyond those
obtained from relying on cheap biofuels for electricity production) in the form
of extra revenues from selling excess electricity to external consumers.
Figure I-13 provides more detailed information on recent trends in the
industry’s net electricity use, focusing on process innovation offsets via an
improved electricity efficiency. Net electricity use per ton output has exhibited a
downward trend during 1999-2011, which points to process innovation offsets
in the form of electricity efficiency gains, through the implementation of
electricity saving measures. As can be discerned from the graph, these gains have
been steered by efficiency improvements in the use of purchased electricity, the
dominant electricity source at Swedish pulp and paper mills.

Figure I-13. Trends in electricity efficiency and its components in the
Swedish PPI, 1999-2011
Source: Author’s illustration based on data from Swedish Forest Industries105.

Besides managing to reduce its consumption of electric power, the industry has
also continuously expanded its on-site production of electricity, which, as
discussed above, is a further indication of electricity efficiency improvements.
This growth trend started in 2003, and was accompanied by marked increases in
excess electricity sales, while at the same time being fueled by an expanding pulp
Swedish Forest Industries (2013). "Miljödatabasen." Retrieved October 4, 2012, from
http://miljodatabas.skogsindustrierna.org.
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and paper production, at least until 2008. After 2008, output fell slightly, causing
a corresponding drop in on-site electricity production.

5.3.3

The Environmental Significance of Chemical Pulp
Mills

Next, Figure I-14 sheds light on the relative importance of the various pulping
processes applied in the industry. As seen in Sections 5.1 and 5.2, the underlying
production technology has major implications for energy use and air emissions.
The figure reveals that the chemical pulping process, which in turn is largely
determined by Kraft pulping, by far is the most widely used in Sweden.106 During
1996-2011, the share of chemically processed pulp in total pulp production was
constantly above 60 percent—followed by mechanical pulping and recycled fiber
pulping. Since, moreover, chemical pulping is the most energy-intensive process
among the various pulping techniques (cf. Sections 5.1 and 5.2), the industry’s
emission and energy trends are closely associated with developments in this subsector. Correspondingly, from a normative viewpoint, relative increases in the
mechanical pulp and recycled fiber segments would be desirable because they
are, as discussed above, less emission and energy-intensive. Between 1996 and
2011, this has, at least in part, been the case. Mechanical pulp has indeed claimed
a slightly increasing chunk of total pulp output, growing around 0.5 percent in
annual average terms. The share of recycled fiber pulp, on the other hand,
featured a slight decline, even though the industry increasingly made use of it in
absolute terms.107
Table I-2 provides additional evidence in this regard based on aggregated
plant-level data. It lists, for the period 1996-2011, Swedish chemical pulp mills’
share in total industry pulp and paper production, energy use and air emissions.108
These mills, on average, accounted for 69 percent of Swedish pulp and 52 percent
of Swedish paper production.109 Their pulp, and to a lesser extent paper, output
was associated with large atmospheric emissions: between 1996 and 2011, on
average, 68 percent of the industry’s CO2 emissions, 90 percent of its SO2
emissions, and 90 percent of its NOx emissions could be traced to the operations
This is of potential relevance for the econometric analysis, where I do not distinguish
between the various types of pulp and paper mills, aggregating them in one sample. The findings
in this Section may help in discerning which type of pulp mill is likely to steer the respective
econometric results.
107 Production of recycled fiber pulp grew by 1.08 percent in annual average terms during
1996-2011, while its share in total pulp production fell by 0.08 percent, again on an annual
average basis.
108 Chemical pulp mills are defined as mills producing Kraft (sulfate) pulp, sulfite pulp and/or
NSSC pulp—either exclusively or together with mechanical pulp or recycled fiber pulp (usually
to a minor extent). These mills are either non-integrated (producing market pulp) or
integrated (processing the pulp to paper).
109 That is, both subsectors feature a similar degree of integrated pulp and paper production.
106
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of chemical pulp mills. On the input side, their relative energy use is not less
striking: during the same period, on average, 94 percent of the biofuels, 67
percent of the fossil fuels, and almost 50 percent of the electricity used by the
industry was consumed by chemical pulp mills. These figures also help explain
chemical pulp mills’ high proportion in the industry’s total energy use (on average
79 percent between 1996 and 2011). Consequently, energy savings and emission
reductions in the chemical pulp sector should have a significant impact on the
industry’s overall energy efficiency and emission footprint.

Figure I-14. Share of major pulping processes in Swedish pulp production
Source: Author’s illustration based on data from Swedish Forest Industries110.
Note: Chemical pulp includes pulp production based on neutral sulfite semi-chemical (NSSC)
pulping, the most relevant semi-chemical process.

Illustrative information on the production-related sources of SO2 and NOx
emissions at Swedish chemical pulp mills is presented in Table I-3. As discussed
in Section 5.1, SO2 and NOx pollutants are emitted not only in the context of
fuel combustion at on-site auxiliary boilers, but also during the pulping process
itself. It becomes clear that the process emissions indeed are the dominant
emission source at this type of mill, whereas fuel-related emissions are of minor
importance: during 1996-2011, process-related NOx emissions, on average,
constituted 73 percent of total NOx emissions, and the corresponding share of
process-based SO2 emissions in total SO2 emissions was 79 percent.

Swedish Forest Industries (2013). "Miljödatabasen." Retrieved October 4, 2012, from
http://miljodatabas.skogsindustrierna.org.
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Table I-2. Relative production, energy use and emissions at Swedish
chemical pulp mills
Year

Pulp
(%)

Paper
(%)

1996
1999
2002
2005
2008
2011

74
74
70
67
66
67

57
57
52
51
51
52

Biofuels
(%)
95
95
94
93
92
92

Fossil
fuels
(%)
72
76
67
64
58
68

Electricity
(%)
55
53
49
45
45
45

Total
energy
(%)
81
80
79
77
78
78

CO2
(%)

SO2
(%)

NOx
(%)

73
77
68
64
63
70

89
91
90
90
89
94

89
91
90
89
90
91

Source: Author’s illustration based on data from Swedish Forest Industries111.
Note: The table lists the percentage share of chemical pulp mills in total industry pulp and paper
production, energy use and air emissions.

Furthermore, from a dynamic perspective, the data reveal that fuel-related NOx
and SO2 emissions not only accounted for a minor share in chemical pulp mills’
total NOx and SO2 emissions. That proportion was been steadily reduced
between 1996 and 2011—by 5.3 percent in the case of SO2, and by 2.5 percent
for NOx, both in average annual terms. Against the backdrop of falling total
NOx and SO2 emissions in the chemical pulp subsector, this suggests that
abatement measures for SO2 and NOx pollutants were relatively more focused
on reducing fuel-based emissions than process-related emissions.112
Table I-3. Relevance of process and fuel-related emissions at Swedish
chemical pulp mills
Year

Process SO2 (%)

Fuel SO2 (%)

Process NOx (%)

1996
1999
2002
2005
2008
2011

74
77
74
80
80
89
1.2

26
23
26
20
20
11
-5.3

68
69
71
75
75
79
0.9

CHANGE (%)

Fuel NOx
(%)
32
31
29
25
25
21
-2.5

Source: Author’s illustration based on data from Swedish Forest Industries113.
Note: The table lists the percentage share of process and fuel-related SO2 and NOx in chemical pulp
mills’ total SO2 and NOx emissions. Percentage change is computed in annual average terms for the
period 1996-2011.

Lastly, Table I-4 compares, for the period 1996-2011, annual average changes in
production, energy use and emissions at chemical and non-chemical pulp mills.
Swedish Forest Industries (2013). "Miljödatabasen." Retrieved October 4, 2012, from
http://miljodatabas.skogsindustrierna.org.
112 Process emissions are often exempted from environmental regulation (cf. also Section 6).
113 Swedish Forest Industries (2013). "Miljödatabasen." Retrieved October 4, 2012, from
http://miljodatabas.skogsindustrierna.org.
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First, one can observe that, since 1996, the latter’s output growth has exceeded
that of chemical pulp mills—with regard to both pulp (2.66 versus 0.31 percent)
and paper production (1.80 versus 0.54 percent). These modified production
patterns tended to be environmentally benign because the non-chemical pulp
mills’ chunk of total industry output increased relative to that of their emission
and energy-intensive counterparts in the chemical pulp sector.114 Biased output
growth toward the non-chemical pulp sector may be a reason why increases in
total energy use outstripped those in the chemical pulp sector (1.70 percent
versus 0.59 percent). Table I-4 moreover suggests that divergent trends in
electricity use were the primary determinant of differing growth in total energy
use (1.99 percent for non-chemical pulp mills versus -0.54 percent for chemical
pulp mills).115 Nevertheless, the non-chemical pulp sector was able to improve
both its fuel (-1.44 percent) and electricity efficiency (-0.17 percent)—and
accordingly also its total energy efficiency (-0.45 percent).
On the emission side, reductions in fossil CO2 pollutants there were slightly
less pronounced than in the chemical pulp sector (-6.64 versus -7.45 percent)—
possibly due to the above-named higher output growth. These patterns are
mirrored by similarly distinct reductions in fossil fuel consumption: the nonchemical pulp sector’s use of fossil fuels decreased slightly less (-5.53 percent)
than that of the chemical pulp sector (-6.77 percent). In terms of SO2 and NOx
emission abatement, Table I-4 paints a seemingly different picture: Compared
with chemical pulp mills, non-chemical pulp mills appear to have been more
successful in reducing both SO2 pollutants (-10.15 percent versus -6.34 percent)
and NOx pollutants (-1.95 percent versus -0.77 percent). A decomposition into
fuel-related and process-related emissions, however, yields more nuanced
insights. The smaller percentage reductions of total NOx and SO2 emissions at
chemical pulp mills are due to their more moderate cuts, and even increases, of
process-based emissions (-5.56 percent for SO2 and 0.04 percent for NOx).
Since this type of emission is specific to the chemical pulp sector, a more
useful indicator for comparative analysis are fuel-related NOx and SO2 emission
reductions. Chemical pulp mills perform slightly better in either category,
decreasing fuel NOx pollutants by 3.37 percent and fuel SO2 pollutants by 11.61
percent, whereas the corresponding decrease for non-chemical pulp mills was
1.95 percent (NOx) and 10.15 percent (SO2). In both subsectors, fuel-related
emission cuts of NOx and SO2 are partly explained by changes in the fuel mix:
replacing fossil fuels with biofuels dramatically reduced SO2 pollutants, while at
best only somewhat decreasing NOx pollutants (due to the relatively high NOx
intensity of biofuels). This holds in particular for non-chemical pulp mills, which
feature a significantly steeper increase in the use of biofuels (5.08 percent versus
This is in line with the increased importance of mechanical pulping relative to chemical
pulping cf. (Figure I-14).
115 For fuel consumption, the second major component of total energy use, chemical pulp mills
even had larger increases than non-chemical pulp mills (0.85 percent versus 0.69 percent).
114
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1.68 percent for chemical pulp mills)—while at the same time displaying a smaller
reduction of fuel-related NOx pollutants.116
Table I-4. Trends in production, energy use and emissions at chemical
and non-chemical pulp mills
Growth 1996-2011
∆pulp output (%)
∆paper output (%)
∆fuel intensity (%)
∆fuels (%)
∆biofuels (%)
∆fossil fuels (%)
∆electricity (%)
∆electricity intensity (%)
∆total energy (%)
∆total energy intensity (%)
∆CO2 (%)
∆SO2 (%)
∆Process SO2
∆Fuel SO2
∆NOx (%)
∆Process NOx
∆Fuel NOx

Chemical pulp mills
0.31
0.54
0.44
0.85
1.68
-6.77
-0.54
-0.94
0.59
0.19
-7.45
-6.34
-5.56
-11.61
-0.77
0.04
-3.37

Non-chemical pulp mills
2.66
1.80
-1.44
0.69
5.08
-5.53
1.99
-0.17
1.70
-0.45
-6.64
-10.15
N/A
-10.15
-1.95
N/A
-1.95

Source: Author’s illustration based on data from Swedish Forest Industries117.
Note: Percentage change is computed in annual average terms for the period 1996-2011.

6 Swedish Regulation of the Pulp and Paper
Industry: A Porterian Role Model
The central purpose of Section 5 was to discuss major process innovations to
achieve reductions in atmospheric emissions at pulp and paper mills—while at
the same time pointing out potentials for innovation offsets. As seen, process
innovations can broadly be classified into end-of-pipe technologies and cleaner
production technologies, with the latter in particular being conducive to
innovation offsets. The actual implementation of such environmental
innovations hinges upon a variety of factors.118 The empirical analyses of Parts 2
Besides these pre-combustion measures, a second contributing factor has been the
adoption of end-of-pipe SO2 and NOx control measures
117 Swedish Forest Industries (2013). "Miljödatabasen." Retrieved October 4, 2012, from
http://miljodatabas.skogsindustrierna.org.
118 These factors are internal or external to the firm. A major internal factor, for example, is
corporate commitment, or management attention, toward environmental issues. External
factors include factor prices for energy inputs, regulation, payback periods for environmental
technology and cost/quality of environmental technology (Jaffe, Newell et al. 2001, del Río,
Tarancón Morán et al. 2011).
116
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to 4 aim to shed light on the role played by well-designed environmental
regulation—in the Porterian sense—in inducing such environmental
innovations, along with the potentially resulting innovation offsets.
The Swedish case is a particularly interesting one because Porter himself labels
Swedish environmental regulation of polluting industries a role model for
creating such innovation offsets for the polluting firm (Porter and Van der Linde
1995b). This section describes this praised regulatory approach: Section 6.2
presents Swedish CAC regulation, and Section 6.1 outlines the major economic
incentive instruments used in Sweden to curb combustion plants’ CO2, NOx
and SO2 emissions—the three air pollutants investigated in this thesis.119 I
conclude both sections by formulating testable hypotheses regarding the specific
impact that, since the beginning of the year 2000, Swedish CAC regulation as
well as economic policy instruments have had on environmental process
innovation and innovation offsets in the Swedish PPI. As shall be seen, these
hypotheses are relevant in particular for the empirical tests conducted in Part
2.120121 I conclude by, in Section 6.3, making a few critical remarks on Swedish
environmental regulation of polluting industries. This critique refers to the
Swedish CAC approach.122

6.1 Efficient Economic Incentive Instruments
Economic incentive instruments for CO2, SO2, and NOx emission control have
been increasingly used in Swedish environmental policy since the beginning of
the 1990s. As seen in Section 3.1, these instruments are mentioned in the Porter
Hypothesis as one central element of well-crafted environmental regulations.
This is because they are considered a flexible, cost-effective, and even dynamic
(stimulating incremental innovation), solution to air pollution abatement: plants
for which emission reduction is more expensive will for example pay a green tax
or acquire emission rights from plants for which curbing emissions is less
expensive, whereas those plants for which emission reductions are cheaper will
tend to avoid green tax payments. Hence, large plants, all else equal, will have to
incur lower pollution abatement costs per unit emissions than smaller plants, as
a result of their ability to harness economies of scale. Therefore, they will tend
To date, there are no Swedish economic instruments to curb discharges into water.
In Part 2, to further deepen the level of accuracy in the econometric analysis with regard
to the link between regulation (CAC and economic instruments) and innovation offsets, I also
test the effect of regulation on the industry’s TFP growth.
121 I consider it important to conduct a detailed descriptive analysis as base for the
econometric tests in Part 2 because of the way I model Swedish economic incentive
instruments (year dummy variables). These dummies may in principle also capture price
changes (or technological change). Since I do not dispose of detailed price data, I attempt to
‘control’ for prices by means of the subsequent descriptive investigation.
122 The empirical tests in Parts 2 and 4 will deal with the aspects discussed there.
119
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to proportionately reallocate more inputs to air emission abatement than smaller
plants.123
Some Swedish economic instruments are pollutant-specific, that is, they are
primarily designed to directly control the respective air pollutant. I discuss these
pollutant-specific instruments in Section 6.1.1. There are, however, indirect
effects as well: instruments for controlling pollutant A can have supplementary
effects, either negative or positive, on controlling pollutant B, and there are other
instruments whose primary function is not environmental but that still contribute
to reducing emissions and to changing energy use (e.g. a fiscal tax such as the
energy tax). I comment on these indirect effects in Section 6.1.2.124 My ultimate
aim is to formulate specific hypotheses as regards economic instruments’ effect
on the PPI’s environmental and innovation performance. To that end, I first
identify major regulatory events in the use of these instruments with which the
industry has had to comply since the 1990s. In a second step, then, I relate these
events to the above-named performance indicators by means of a brief
descriptive analysis. Both steps occur in Section 6.1.3. The third and final step,
done in Section 6.1.4, consists in using the information obtained in the previous
two steps to derive the hypotheses for the econometric tests in Part 2.

6.1.1

Pollutant-specific Instruments

CO2 Emission Control
There are three major economic policy instruments aimed at curbing polluting
industries’ CO2 emissions: a CO2 tax, an electricity certificate scheme, and the
EU emissions trading scheme. The CO2 tax was introduced by virtue of the
Carbon Dioxide Tax Act, which came into force in January, 1991 (Swedish Code
of Statutes 1990a). It is levied on all fuels, except peat and biofuels, and aims at,
on the one hand, inducing energy savings and, on the other, stimulating the
consumption of renewable fuels by increasing the cost of using fossil fuels (SEPA
2007). From the beginning, industry and consumers paid the same tax rate. This
was changed in 1992; from that date, the rate paid by industry was considerably
lower than that of other emission sources.125 Until 1993, industry moreover had

See also Section 2.
Johnstone (2005) notes that the shift away from end-of-pipe solutions and toward clean
production technologies has favored such economies of scope across pollutants, and that
future research should aim at a systematical exploration of this. In the empirical tests of Part
2, I comment on this issue.
125 In addition, there are further tax exemptions for energy-intensive industries such as the
pulp and paper industry; the part of the CO2 tax that exceeds 0.8% of the value of production
is reduced (SEPA 2007). Also, since 1 January, 2011, industries included in the EU Emissions
Trading Scheme have been exempted from the CO2 tax (Swedish Energy Agency 2011).
123
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to pay an energy tax; a sales tax on fuels.126 The CO2 and energy tax are not levied
on electricity production127, and they are not relevant either for electricity
consumption in the PPI (see below).128
The Electricity Certificates Act, issued in and in force since mid-2003
(Swedish Code of Statutes 2003a), established an electricity certificate scheme
(ECS) that assigns electricity producers a certificate for each MWh of electricity
generated from renewable energy sources. A market is created because electricity
consumers are obliged to cover a certain percentage of their electricity
consumption with ‘clean’ electricity, that is, electricity produced from renewable
sources. This percentage has been raised steadily since 2003, stimulating a
growing demand for clean electricity and electricity certificates.129 The PPI, being
an energy-intensive industry, is exempted from the scheme to avoid detrimental
impacts on competitiveness. However, from a supply perspective, parts of the
industry are still involved: as discussed in Section 3, chemical pulp mills often use
biofuels, which are residues from the pulping process, to generate heat and
electricity. Therefore, the mills have an incentive to capitalize on their clean
electricity production by obtaining and selling electricity certificates, while at the
same time reducing CO2 emissions (Klugman 2008).130
The EU emissions trading (ETS) scheme came into force on January 1, 2005
by virtue of the CO2 Emissions Trading Act (Swedish Code of Statutes 2004).131
Just like the electricity certificate scheme, it is meant to reduce CO2 emissions by
stimulating renewable energy production and consumption, as well as
improvements in energy efficiency. The ETS implies that industry plants require
emission permits to emit CO2, even those producing electricity.132 A certain
number of these permits, or emission rights, is allocated to the plants free of
charge, each one granting the right to emit one ton of CO2. The “ceiling” for the
maximum CO2 emissions allowed from a plant is set by the regulator. If the plant
exceeds its CO2 limit, it must purchase additional CO2 certificates from a plant
The tax was abolished in subsequent years due to the introduction of the CO2 tax.
However, since 1 January, 2011, industry again pays an energy tax of 30% of the general energy
tax level (Swedish Energy Agency 2011).
127.Since January 1, 2011, for producing heat, CHP plants pay 30% of the general energy tax
on fuels and of the CO2 tax. This tax reduction also affects the manufacturing industry
(Swedish Energy Agency 2011).
128 Since 1994, the CO2 tax and the energy tax are governed by the Energy Tax Act (Swedish
Code of Statutes 1994).
129 The renewable energy quotas since 2003 can be retrieved from the Swedish Energy
Agency’s
webiste,
at
https://www.energimyndigheten.se/Foretag/Elcertifikat/Omelcertifikatsystemet/.
130 Besides the fact that energy-intensive industry competing on international markets is
exempted from the certificate scheme, and in addition to the business opportunity for
chemical pulp mills of selling electricity certificates to the market, a third economic effect of
the electricity certificate scheme is its positive effect on electricity prices (Swedish Energy
Agency & SEPA 2004, SEPA 2007).
131 The ETS is governed by the Emissions Trading Directive (2003/87/EC).
132 As noted above, electricity production is exempt from the general energy tax.
126
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with a surplus of emission rights. The ETS aims to ensure a reduction of
greenhouse gas emissions in a cost-effective way: firms for which emission
reductions are costly, will buy emission rights from firms whose costs for
reducing emissions are lower. The surplus in emission allowances gathered by
those firms can be saved for later or be sold to the firms in need of emission
rights. The allocation of emission rights within the ETS framework occurred in
two periods: 2005-2007 (phase I), and 2008-2012 (phase II) (Swedish Energy
Agency 2014).
SO2 Emission Control
A major tool for abating SO2 emissions has been the sulfur tax (Hammar and
Löfgren 2001, SEPA 2007) 133 In force since January, 1991 in the context of
issuing the Sulfur Tax Act (Swedish Code of Statutes 1990b), the tax is meant to
curb consumption of sulfur-intensive fuels. Coal, peat and other solid or gaseous
fuels are taxed at a rate of SEK 30 per kg sulfur in the fuel, whereas liquid petrol
is taxed at a rate of SEK 27 per cubic meter for each one tenth of a per cent
sulfur in fuel oil. SO2 process emissions from soda boilers in the PPI are entirely
exempt from the tax. Manufacturing industry SO2 emissions have been
improved in four major ways: First, plants have switched to heating oils with
lower sulfur content. This happened already in 1988-1989, when the regulators
announced the subsequent introduction of the tax. During that period, refineries
lowered the sulfur content of heavy heating oils from 0.8 to 0.7 percent by
weight, and they also reduced the sulfur content of light heating oils below the
limit for tax exemption at that time (0.1 percent by weight). Second, the tax
directly induced the increased use of low-sulfur light heating oils by lowering, on
1 January, 2002, the threshold for tax exemption from 0.1 to 0.05 percent by
weight. Yet, demand appears to have been weak due to price advantages of light
heating oils with higher sulfur levels, despite not being exempt from the sulfur
tax. Third, plants have substituted other low-emission fuels for oil and coal, for
example, LPG, natural gas, and biofuels. Fourth, they have realized energy
efficiency improvements. Besides, plants have adopted end-of-pipe SO2
emission control measures (SEPA 2007).
NOx Emission Control
The major economic instrument for NOx emission control is the NOx charge.
In force since 1 January 1992, and going back to the Environmental Charge for
Emissions of Nitrogen Oxides from Energy Production Act (Swedish Code of
Statutes 1990c), the charge is levied on NOx emissions from stationary
combustion units and gas turbines, as well as from production plants at which
hot oil, hot water or steam is produced. Those production units need to have a
certain size to become liable to the levy: currently, they need to have a useful
energy production of at least 25 GWh a year. The threshold was lowered twice
According to SEPA (2007), the sulfur tax is estimated to account for 30 percent of SO2
emission reductions during 1989-1995.
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since the charge came into effect: Between 1992 and 1995, only large plants (at
least 50 GWh of useful output) were affected. In 1996, the charge was extended
to smaller plants (useful output of at least 40 GWh), and in 1997, still more plants
had to pay the charge due to further lowering the threshold to at least 25 GWh
of useful output. The actual levy on NOx emissions was also changed since the
NOx charge came into effect: Until the end of 2007, firms had to pay SEK 40
per kilo of emitted NOx, calculated as NO2, regardless of the fuel type used.
Since the beginning of 2008 the rate was increased to SEK 50 per kilo NOx
emitted (SEPA 2003, Swedish Energy Agency 2008). The major channel through
which NOx emissions are supposed to be reduced is probably end-of-pipe
emission control via the installation of physical mitigation technology, and
innovation in non-physical mitigation technology (Höglund-Isaksson and
Sterner 2009).
The total NOx levy paid by the participating energy production units is repaid
in proportion to each unit’s share of total useful energy supplied. Hence, the idea
is to reward plants’ efforts to achieve low specific NOx emissions, that is, low
emissions per unit of energy produced. This means that those plants with the
highest specific NOx emissions are net payers into the system (SEPA 2003). In
this way, the NOx charge is fiscally neutral, and it aims at minimizing adverse
effects for plants exposed to outside competition. The charge has affected the
PPI in two major ways. On the one hand, chemical pulp plants’ process
combustion units, for example recovery boilers and soda boilers, are exempt
from the levy. On the other, though, the industry has been a net payer into the
system (at least until 2001), due to its comparatively high specific NOx
emissions.134

6.1.2

Indirect Cross-pollutant Effects

The economic policy instruments presented above, besides directly tackling the
respective pollutants, also may have had indirect, mostly positive, effects across
pollutants.135 Moreover, there are two additional important policy instruments
primarily related to energy policy and energy efficiency that most likely have
affected emissions of the above pollutants. These two instruments moreover also
satisfied Porter’s policy criterion of uncertainty reduction to avoid market failures
in the context of technology development and adoption.
As to the former, CO2 emissions were certainly also indirectly reduced
through the sulfur tax because it was supposed to induce energy efficiency
improvements and a switch toward fuels that, besides having a low SO2 emission
In 1997, the average net payment for pulp and paper plants was SEK 676,000, and in 2001,
this amount was only slightly lower. Moreover, the highest share of ‘big’ losers (net payments
of SEK 1m or more) was found in the pulp and paper industry. The industry’s yearly net
payment between 1997 and 2001 was around SEK 40m (SEPA 2003).
135 Indirect cross-pollutant effects certainly also exist in the case of (Swedish) CAC regulation.
I do not elaborate further on this though.
134
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factor (LPG, natural gas, and biofuels), also have a low CO2 emission factor. The
NOx charge, by contrast, may have had a mixed effect on CO2 emissions: on
the one hand, it may have induced energy efficiency improvements, which
positively impact CO2 emissions, but on the other, it might have curtailed the
use of biofuels due to their high NOx emission factor, which in turn should
negatively affect CO2 emissions.136
SO2 emissions, in turn, most likely have been positively affected by the CO2
tax, the electricity certificate scheme, and the EU emission trading scheme
because these measures had a clear focus on energy efficiency improvements and
a switch to low-emission fuels. The effect of the NOx levy on SO2 emissions is
less clear, but it may have been slightly positive: on the one hand due to possible
energy efficiency improvements on the part of the plants, and, on the other,
because of a probable shift from NOx-intensive biofuels to less NOx-intensive
low-emission fuels such as LPG or natural gas.137
NOx is probably the pollutant that has received the less favorable crosseffects compared with CO2 and SO2. On the one hand, the improved energy
efficiency that the SO2 and CO2 policy instruments were supposed to achieve,
may have contributed to improving plants’ NOx performance. On the other,
though, the trend toward biofuels, and to some degree that toward low-emission
fossil fuels such as LPG and natural gas, may have had a dampening effect on
NOx emission reductions (see Section 3).
The two additional policy instruments related to energy efficiency are the
Ordinance on Grants for Measures for an Environmentally-efficient Energy
Supply came into effect (Swedish Code of Statutes 2003b) and the Energy
Efficiency Program Act (Swedish Code of Statutes 2004) In force since August
2003, the Ordinance on Grants for Measures for an Environmentally-efficient
Energy Supply introduced government grants supposed to promote a clean and
efficient energy supply, and development, introduction, and production of clean
and efficient energy technologies, respectively. The latter act introduced an
energy efficiency program (PFE)—in force since January 2005—in which firms
in energy-intensive industries can voluntarily participate during 5 years under the
auspices of the Swedish Energy Agency (SEPA 2007). In 2009, a second 5-year
PFE-period was launched. The overall aim of the program is to improve the
efficiency of electricity use, while limiting adverse effects on industries’
competitiveness. Participating companies are required to carry out an energy
audit; identify and implement profitable measures for saving electricity; set up an
energy management system, and develop routines for energy efficient project
planning and procurement. As incentive to participate, companies within the
PFE are exempted from the electricity tax (SEK 0.005/kWh). From the PPI, all
Given the expected shift away from biofuels due to the NOx charge, any fuel type replacing
the biofuels will have a CO2 emission factor larger than zero (cf. Table I-1).
137 Theoretically, in this situation, plants could also substitute medium-heavy fuel oils for
biofuels, which should negatively impact SO2 emissions (cf. Table I-1). This will be briefly
discussed in Section 6.1.3.
136
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plants have been participating in PFE.138 The first 5-year period of PFE has been
found to be successful: ‘low hanging fruit’ energy efficiency measures with short
average payback periods (less than 1.5 years) were implemented (Stenqvist and
Nilsson 2012).139
PFE and the Ordinance on Grants for Measures for an Environmentallyefficient Energy Supply can be expected to have contributed to reducing CO2
and SO2 emissions by promoting energy efficiency and the transition toward
fuels with low CO2 and SO2 emission factors.140 By contrast, they may have had
a mixed effect on NOx emissions: a positive effect due to their focus on energy
efficiency, and an unclear effect due to the grants inducing the above-named lowemission fuels (cf. Table I-1). From the Porter Hypothesis’ viewpoint, these
policy instruments, by enhancing predictability and reducing uncertainty,
moreover contribute to a better management of the risk for market failures
triggered by knowledge spillovers, adoption externalities and incomplete
information (see Section 3.1).
Table I-5 summarizes the intended direct, as well as indirect, effects on each
pollutant of the economic policy instruments presented above. I also indicate
through which transmission channel these air emissions are affected, either
positively (+) or negatively (-).
Table I-5. Direct and indirect emission effects of Swedish economic
policy instruments
Emissions
of air
pollutant
CO2

SO2

NOx

Transmission
channel

CO2
tax

ECS

ETS

Sulfur
tax

NOx
charge

Energy efficiency
Renewable fuels
Low-emission fuels
Low-sulfur oils
End-of-pipe
Energy efficiency
Renewable fuels
Low-emission fuels
Low-sulfur oils
End-of-pipe
Energy efficiency
Renewable fuels
Low-emission fuels
Low-sulfur oils
End-of-pipe

+
+
+

+
+

+
+
+

+
+
+

+
+
+

+
+

+
+
+

+
+/+/-

+
+/-

+
+/+/-

+
+
+
+
+
+
+/+/-

PFE

Grants

+
+

+

+
+
+

+
+
+

+

+
+
+

+
+
+

+

+
+

+

Source: Author’s illustration.

The information was obtained from the Swedish Energy Agency’s website, at
www.energimyndigheten.se, retrieved 22 August, 2013.
139 These conclusions are supported by Mansikkasalo, Michanek et al. (2011) who find that the
participating companies’ increase in electricity consumption due to being exempted from the
electricity tax is below the electricity savings realized within the scope of PFE.
140 These low-emission fuels are in particular biofuels, but also LPG and natural gas.
138
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6.1.3

Industry Performance Effects

To be able to formulate the specific hypotheses for the subsequent empirical
analyses (primarily in Part 2), I start by identifying major regulatory events in the
use of Swedish economic policy instruments by which the PPI has been affected
since 1996.141 These events are derived from Sections 6.1.1 and 6.1.2. In total, I
have identified 12 major regulatory events. Event 1 dates back to 1997, when the
authorities raised the CO2 tax on fossil fuels by as much as 100% for each fossil
fuel type: fuel oil, LPG, coal, and natural gas.142 Event 2 relates to the years 1996
and 1997, when the NOx levy was extended to smaller stationary combustion
plants.143 Event 3 constitutes a combination of tax increases (CO2 and energy
tax): In 2001, the CO2 tax on natural gas was raised by more than 200%, making
natural gas consumption still more expensive.144 In the same year, moreover, an
energy tax on crude pine oil was introduced. A by-product of the chemical
pulping process, the PPI uses crude pine oil as biofuel for energy generation,
albeit to a minor extent (cf. Section 3.3).145 Event 4 is related the year 2002, when
the sulfur content in fuel oils needed to be reduced by 100% (from 0.1 to 0.05
percent by weight) in order for the fuel oil to be eligible for exemption from the
sulfur tax. 2003 saw the introduction of Event 5 and Event 6; the Electricity
Certificates System (ECS) and the provision of grants for a clean and efficient
energy supply in Sweden. In 2005, two further events occurred: First, Phase I of
the CO2 Emissions Trading Scheme (ETS) came into force (Event 7), and second,
the Program for Energy Efficiency (PFE) was established (Event 8). Moreover,
Event 5 (ECS) was expanded: during 2004-05, 2005-06 and 2006-07, the
renewable energy quota for electricity consuming plants was raised substantially
by 28%, 21% and 19%, respectively, increasingly stimulating the generation and
sale of clean energy at chemical pulp mills. Event 9 was identified in 2008, when
the Swedish authorities raised the NOx charge for stationary combustion units
by 25% from 40 to 50 SEK/kg NOx. In the same year, Event 10 came into
existence: Phase II of the CO2 Emission Trading Scheme. 2008 also saw the
introduction of Event 11: Between 2008 and 2011, energy tax on crude pine oil
1996 is still reasonably close to 1999; the first year of my sample in Part 2.
The fuel oil tax was raised from 25 to 50 SEK/MWh, the coal tax from 30 to 60 SEK/MWh,
the LPG tax from 21 to 43 SEK/MWh, and the natural gas tax from 4.4 to 9.7 SEK/MWh
(Swedish Energy Agency 2001-2012, Swedish Tax Agency 2012). The higher tax levels for
some fuel types are due to their higher CO2 emission factor (see Table I-1).
143 Due to constraints in the availability of plant-level data, these events are not analyzed
explicitly, neither in this section nor in the econometric analysis.
144 The CO2 tax on natural gas was raised to 36 SEK/MWh—still cheaper than the respective
taxes on the other fossil fuel types (Swedish Energy Agency 2001-2012).
145 The tax amounted to 51 SEK/MWh. It may have been introduced for fiscal reasons and/or
to curb the industry’s NOx emissions given that crude pine oil has a large NOx emission
factor (cf. Table I-1). Between 2008 and 2011, only 3-4 percent of the biofuels consumed by
the industry was crude pine oil. Statistics Sweden (2013). "Miljöräkenskaper." Retrieved
February 6, 2013, from www.scb.se.
141
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was raised by 89%, with 2009-2010 and 2010-2011 featuring the highest increases
(+27% and +43% respectively).146 Finally, there was a 57% fall in the CO2 tax
on fossil fuels in 2011, which I identified as Event 12. Figure I-15 illustrates the
various modifications of the CO2/energy tax since 1996.

Figure I-15. Changes in the CO2 and energy tax since 1996
Source: Author’s illustration based on data from the Swedish Energy Agency (2001-2012) and
the Swedish Tax Agency (2012).

It should moreover be noted that Event 8 (PFE) and Event 5 (ECS) continued
between 2008 and 2011, although their impacts probably have not been as
pronounced as in the previous years: With regard to PFE, and as noted by
Stenqvist and Nilsson (2012), many low-hanging fruits in terms of energy
efficiency improvement were reaped during the first years of the program. As for
ECS, it is true that the renewable energy quota was further raised, but to a lesser
extent than in the first years of the scheme (the highest increase of the quota was
3.4% during 2007-2008). Figure I-16 summarizes the 12 regulatory events
identified for the period 1996-2011.

In 2011, the crude pine oil tax was 110 SEK/MWh(Swedish Energy Agency 2011, Swedish
Tax Agency 2012).
146
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Figure I-16. Major events in the use of economic instruments in Swedish
environmental regulation of polluting industries, 1996-2011
Source: Author’s illustration.

The descriptive analysis conducted below consists in relating the identified events
to industry trends in air pollution performance and overall environmental
innovation, clean technology innovation in the form of a switch to low-emission
fuels, and innovation offsets springing from environmental process innovation.
I start by examining the events’ effects on environmental performance (i.e. CO2,
SO2 and NOx intensity) and clean technology innovation. As shall be seen
below, this will provide a suitable foundation for the analysis on the link between
these events and process-related innovation offsets in the industry.
Regulatory Events, Environmental Performance, and Clean Technology Innovation
The relevant data and information sources for analyzing the link between the
above regulatory events and the PPI’s environmental performance and clean
technology innovation are Figure I-17, Figure I-18, Figure I-19, and Figure I-20,
as well as Table A- I-3 in the Appendix. Figure I-17 and Figure I-18 plot the
events against the industry’s CO2, SO2, and NOx intensities, and specific use of
various types of fuels, respectively.147 Figure I-19 and Figure I-20 report
aggregate energy purchase prices and purchase prices for various fossil fuels
147

Detailed data on the industry’s use of individual fossil fuel types are available from 1998.
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(including taxes) for the industry during 1998-2008.148 Lastly, Table A- I-3 in
the Appendix provides a detailed overview of changes in the industry’s air
emission intensities, energy use, fuel purchase prices, output, and air pollution
abatement expenditure during 1996-2011.

Figure I-17. Air emission intensities in the PPI versus events in the use of
economic policy instruments since 1996
Source: Author’s illustration based on data from the Swedish Code of Statutes, the Swedish
Energy Agency, Statistics Sweden; the Swedish Tax Agency and Swedish Forest Industries.

For constraints in the availability of plant-level data, Events 1 and 2 are only
marginally covered in the analysis. Therefore, the first relevant event is Event 3.
As can be seen from Figure I-17 and Table A- I-3 in the Appendix, in the two
years following the introduction of Event 3 in 2001—that is, the 230% rise in the
CO2 tax on natural gas, and the introduction of an energy tax on crude pine oil—
CO2 intensity deteriorated. Event 4, the tighter requirements regarding the sulfur
content in fuel oils, also falls in that period.149 The rise in the natural gas tax in
2001 caused a substantial increase (+142%) in the purchase price (including the
As stated above, I do not dispose of fuel prices for the subsequent econometric analysis.
The purchase price information is used as a descriptive control measure to examine whether
changes in the various performance indicators may have been induced by price changes rather
than the regulatory event per se.
149 The indirect effect of Event 4 on the pulp and paper industry’s CO2 and NOx intensities is
not straightforward, and therefore not discussed here.
148
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CO2 tax) of natural gas that Swedish pulp and paper firms had to pay between
2000 and 2001. In fact, natural gas became more expensive than fuel oils (see
Figure I-20). Probably as a result of this, in 2001-2002, the industry, on the one
hand, substituted away from natural gas (its specific use fell by 39%) and toward
“CO2-clean” technologies in the form of biofuels (their specific consumption
rose by 3.6%). On the other, however, natural gas also seems to have been
replaced by “dirtier” technologies as regards CO2 emissions: specific
consumption of coal (+23%) and LPG (+3%), which both have a higher CO2
emission factor, rose.150 This may explain the rise in CO2 emission intensity
between 2001 and 2002.
SO2 and NOx intensities, by contrast, fell during that period (-6.5% and 0.7%). With regard to SO2, one direct trigger could have been Event 4, which was
aimed at inducing a switch to fuel oils with a lower sulfur content (see Section
6.1.1). Moreover, there may have been at least less negative indirect effects on
SO2 intensity of the fuel switches induced by the rise in the CO2 tax on natural
gas (compared to the effects of this event on CO2 intensity).151 These fuel
switches, a priori, probably also could have had a negative impact on NOx
emission intensity, for example, due to higher NOx emission factors of coal,
LPG and biofuels relative to natural gas. An explanation for why this indicator
still decreased could be that mills, spurred by the extended NOx charge (Event
2), adopted end-of-pipe measures for NOx emission control. It is also possible
that they started replacing the newly taxed crude pine oil by other biofuels (e.g.
wood fuels) with a lower NOx emission factor (see Table I-1).
The new tax on pine oil may explain in part why the industry’s CO2 intensity
rose even further during 2002-2003 (+10.8%). The tax introduction goes along
with a drop in specific biofuel consumption, and an increase in the use of harmful
fossil fuels during that period (see Table A- I-3 in the Appendix). The specific
use of fuel oils in particular increased (+11%), despite rising prices. This most
likely also contributed to the increase in SO2 intensity (+4%). The fact that NOx
intensity continued to fall in 2002-03 can again be due to the adoption of endof-pipe measures and the substitution of other (bio)-fuels for crude pine oil,
which in that case attenuated the otherwise negative effects of Event 3.152
In sum, the rise in the CO2 tax on natural gas, while intending to accelerate
the transition toward biofuel consumption, may, in fact, have provoked price
distortions that, as a side effect, also led to the re-adoption of dirtier technologies,
Consumption of medium-heavy fuel oils increased in absolute terms as well.
For example, while the increase in the specific use of LPG had a negative effect on CO2
emission intensity, it did not entail a higher SO2 emission intensity (cf. Table I-1). All in all,
though, this indirect effect is difficult to identify and therefore not discussed further.
152 As shown in Table 1, natural gas has the most favorable NOx emission factor out of the
different fuel types. Hence, the 230% increase in the CO2 tax on natural gas per se would
almost inevitably have deteriorated the industry’s NOx emission performance. At the same
time, taxing crude pine oils, who have highest NOx emission factor relative to the other fuel
types should have exerted a positive impact on the industry’s NOx intensity.
150
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from a CO2 emission point of view, during 2001-2002.153 The introduction of an
energy tax on crude pine oil can have exacerbated this trend, probably being a
factor in the further deterioration of the PPI’s CO2 intensity, as well as of its
SO2 intensity, in 2002-2003. In this way, the years 2001-2003 can be interpreted
as a period with a lack of stringency as regards the use of economic instruments
in regulating CO2 pollutants and in inducing clean technology innovation.

Figure I-18. Specific fossil and biofuel use in the PPI versus events in the
use of economic policy instruments, 1998-2011
Source: Author’s illustration based on data from the Swedish Code of Statutes, Statistics
Sweden, Microdata Online Access (MONA), and Swedish Forest Industries.

The year 2003/04 marks the beginning of a favorable period regarding the PPI’s
air emission performance; CO2 and SO2 intensities in particular improved
dramatically, falling by 10% and 7% respectively in annual average terms between
2003/04 and 2010/11. While this could have been favored in part by increases
in fossil fuel prices of a similar magnitude during that period (they increased by
8-10% on an annual average basis), the years 2003-2011 also host a range of
significant events in the use of Swedish economic instruments for regulating
polluting industries.

In fact, as a result of the rise in the CO2 tax on natural gas in 2001, the purchase price for
the rather ‘clean’ fossil fuel natural gas exceeded that of the rather ‘dirty’ fossil fuel, mediumheavy fuel oils (see Figure I-20).
153
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Figure I-19. Energy purchase prices including taxes for the Swedish PPI,
1998-2008 (SEK/MWh)
Source: Author’s illustration based on data from Statistics Sweden (MONA).

Figure I-20. Fossil fuel purchase prices including taxes for the Swedish
PPI, 1998-2008 (SEK/MWh)
Source: Author’s illustration based on data from Statistics Sweden (MONA).

In 2003, Event 5 (ECS) and Event 6 (government grants for a clean an efficient
energy supply) came into force. Both events are associated with a significant fall
in the industry’s CO2, SO2, and NOx intensities during 2003-2004. This in turn
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may be attributed to enhanced energy efficiency as well as to a reduction in the
specific use of harmful fossil fuels beyond what their price increase during
2003/04 would suggest.154 A further indication of a causal link between Events 5
and 6 and the PPI’s enhanced air emission performance during that period is
revealed by the change in the industry’s air pollution abatement costs and
expenditures (PACE) relative to total output: Between 2003 and 2004 that ratio
rose by 129% (cf. Table A- I-3 in the Appendix). Part of this increase in PACE
might also be ascribable to the upcoming EU Emission Trading Scheme (Event
7), which may have induced parts of the industry to incur investments in CO2
clean technologies and energy efficiency to be able to benefit from selling
emission certificates to more pollution-intensive plants. Finally, there may have
been spillovers from the introduced tax on pine oil (Event 3), given that specific
biofuel use decreased for the second consecutive year.155
In 2005, phase I of the EU Emission Trading Scheme (Event 7), and PFE
(Event 8) came into force. Moreover, the impact of Event 6 (clean energy grants)
may have lingered on, as well as that of Event 5 (ECS), since the renewable energy
quota was raised substantially between 2004 and 2005 (+28%). Coinciding with
yet another reduction in the PPI’s CO2 and SO2 intensities during 2004-05, it
can be assumed that particularly Events 5 and 7, in combination with Event 6,
contributed to this favorable trend—given the considerable increase in specific
biofuel consumption (+3.8%), and the corresponding decrease in specific fossil
fuel consumption (-9%). The change in the industry’s normalized air pollution
expenditures provides further evidence in that context: between 2004 and 2005,
they increased a further 43%, indicating that the above events may have spurred
the continued transition toward the adoption of “CO2-clean” production
technologies. This, as a side effect, also should have impacted positively on the
industry’s SO2 and NOx intensities, although the reduction of the latter may not
have been as pronounced due to the relatively high NOx emission factor of
biofuels. It should be noted, however, that PFE only might have had a minor
effect on the improvements in emission intensities, because energy efficiency,
which PFE was supposed to tackle, decreased between 2004 and 2005.156
During 2005-06, CO2 and SO2 intensities continued to fall, whereas NOx
intensity increased slightly (+0.7%). These trends are closely related to the
The average fossil fuel price during 2003/04 fell by 6.5%, whereas specific fossil fuel
consumption fell by 13%, suggesting a price elastic reaction of demand. By contrast, during
2001-2003, price elasticity of demand was rather low or non-existing (see Table A- I-3 in the
Appendix).
155 Specific biofuel consumption during 2002-2004 fell despite falling purchase prices for wood
fuels during that period. While this type of biofuel only makes up about 20% of the industry’s
biofuel use (cf. Figure I-10), it nevertheless signals that the decline in overall biofuel use
between 2002 and 2004 may primarily not be due to unfavorable price trends but also have
to do with the introduction of the energy tax on crude pine oil.
156 Despite the possible importance of Events 5-7, it should be noted that the substitution of
biofuels for fossil fuels might also have been due to price changes; In fact, during 2004-2005,
the average purchase price of fossil fuels rose by 32% —the largest increase during 2001-2011.
154
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continued replacement of fossil fuels by biofuels, albeit at a slightly lower rate as
in 2004-05 (specific use of biofuels rose by 0.3%, whereas that of fossil fuels
dropped by 7.5%). Price increases for fossil fuels (+11.9%) and decreases for
wood fuels (-34%) are certainly one underlying factor for the positive overall
emission trend. Yet, a closer look at Table A- I-3 reveals that the regulatory
events in force between 2005 and 2006 also may have contributed to the changes
in emission intensities. First, specific consumption of coal and LPG decreased
despite falling prices. This could be explained by Event 5 (ECS), Event 6 (clean
energy grants) and Event 7 (ETS Phase I), which were supposed to induce energy
production and consumption from renewable sources, and penalize the
consumption of fossil fuels, respectively (Events 5 and 7). This on the one hand
could have favored the reductions in CO2 and SO2 intensities. On the other,
though, the trend to biofuels—together with a slight drop in air pollution
abatement expenditure in 2005-06 (-7.7%)—may be behind the increase in the
industry’s NOx intensity. If true, the industry’s end-of-pipe measures, as
measured by PACE, did not suffice to offset the growth in NOx intensity
induced by the rise in specific biofuel use.157
The period 2006-2009 was marked by further declines in the PPI’s CO2 and
SO2 intensities. At the same time, NOx intensity resumed its fall until 2008,
before rising markedly in 2008-09. It can be conjectured that major increases in
specific biofuel use, along with significant reductions in specific fossil fuel use,
were the main drivers behind these developments. The descriptive evidence from
Table A- I-3 suggests that the switch from fossil fuels to biofuels can only partly
be explained by price trends and therefore may have to do with regulatory events.
First, biofuel consumption increased despite steady price increases for wood
fuels. Second, specific use of medium-heavy fuel oils dropped by almost 18% in
2006-07, and by 19% in 2008-09, although fuel oil prices fell considerably during
that period. Third, the industry’s specific coal consumption collapsed in 2007-08
(-49%), and continued to fall in 2008-09—despite a moderate increase in the
price of coal in 2007-08 (+4.7%) and a price drop in 2008-09 (-5.2%),
respectively. Fourth, the industry’s use of natural gas declined in 2008-09, again
despite a falling purchase price for natural gas. Finally, Table A- I-3 reports a
growth in the industry’s air pollution-related abatement expenditures per ton
output during 2007-08 (+35%). A part of these resources can have been devoted
to the introduction of another wave of transition to CO2-clean technologies—
which then culminated in the major growth in the industry’s specific biofuel use
in 2008-09 (+4.9%).
Thus, one can assume positive effects on CO2 and SO2 intensities through
Event 7 and later Event 10 (Phases I and II of ETS), as well as through Events 5
and 6 (ECS and clean energy grants). Another part may have been allocated to
end-of-pipe measures in the area of NOx control, as a reaction to the upcoming
Events 5-7 can also have played a role in the pulp and paper industry’s energy efficiency
improvements during 2005-06, which in turn should have had a positive effect on emission
intensities.
157
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25% rise in the NOx charge in 2008. This can have contributed to the industry’s
improved NOx intensity in 2007-08 (-3.87%); yet it may have been insufficient
to offset the strain put on NOx intensity in 2008-09, most likely as a result of the
jump in specific biofuel use.158
The positive trends in the PPI’s CO2 emissions came to a halt during 20092010; emission intensity increased by 1%. By contrast, SO2 and NOx intensities
continued to decline. Table A- I-3 suggests that the rise in CO2 intensity may
have been due to the substitution of harmful fossil fuels (medium-heavy fuel oils
but also LPG) for biofuels, the specific consumption of which declined by 1.6%.
This type of substitution tends to have more negative implications for CO2
emissions than for SO2 and NOx emissions (cf. Table I-1). Price developments
only seem to be part of the explanation of this trend. For example, specific use
of fuel oils increased despite a considerable price rise (+16%). Moreover, specific
coal consumption dropped markedly (-30%) although prices rose to a minor
degree only (+0.3%). Particularly the drop in the use of coal and biofuels, which
both have a large NOx emission factor, indicate that two regulatory events may
have been involved as well: The rise in the NOx levy for stationary combustion
units (Event 9), and the increased energy tax on crude pine oil between 2008 and
2011 (Event 11). Both events penalized the use of biofuels; the former due to the
high NOx emission factor of biofuels, and the latter as a result of taxing this
specific type of biofuel used in the PPI. Thus, from a CO2 emission control
perspective, both events may reflect a lack of regulatory stringency in the use of
Swedish economic policy instruments, even though they can be considered
examples of stringent and well-designed regulation in the field where they are
primarily supposed to make an impact (i.e. NOx emission control in the case of
Event 9, and increasing Swedish fiscal revenues in the case of Event 11). In that
context, the fact that energy efficiency improved during 2009-10 suggests that
Event 6 and Events 8-11 might have had a dampening effect on the rise in CO2
emission intensity, while contributing to the drop in NOx and SO2 intensities.
With regard to in particular the industry’s NOx intensity, yet another contributing
factor in the reduction of this parameter can have been the adoption of end-ofpipe measures.
Finally, in 2010-11, the industry’s CO2 intensity returned to its declining
trend, falling by over 15%. This seems to have been achieved by significantly
reducing specific consumption of fuel oil (-16%) and coal (-54%)—which is used
far less, though—and by significantly increasing the specific use of natural gas
(+22%). This type of switch toward low-emission fossil fuels may also have
contributed to the decrease in NOx and SO2 intensities. All three emission
intensities may furthermore have been affected positively by an improved energy
efficiency during that period.
Moreover, Events 5-10 together might have stimulated investments into energy efficiency,
which, according to Table A- I-3, improved during 2007-08. This in turn should have exerted
a positive influence on all three emission intensities.
158
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A second trend was that specific biofuel consumption continued to drop,
probably being replace by natural gas. While this, on the one hand, and all else
equal, should have had an adverse effect on the industry’s CO2 intensity, it most
likely amplified the reduction in NOx and SO2 intensities because of natural gas
featuring a lower NOx and SO2 emission factor than biofuels. There are
arguments for why the rise in the NOx charge (Event 9) and the rise in the pine
oil tax (Event 11) can have contributed to these trends. Both events can be
expected to have had a choking effect on biofuel consumption, and Event 9, in
addition, may have contributed to the decline in the use of fuel oils due to their
relatively high NOx emission factor. It should also be noted that energy
efficiency continued to improve during 2010-11, most likely contributing to the
reduction in CO2, NOx and SO2 intensities—while at the same time pointing to
positive effects of Event 6 and Events 8-11.
With regard to in particular the industry’s NOx intensity, yet another
contributing factor in the reduction of this parameter can have been the adoption
of end-of-pipe measures. Further evidence of the importance of these events in
that context is provided by the fact that between 2010 and 2011, the industry’s
air pollution expenditure per ton output increased by over 100%.159 It is also
noteworthy that air emission intensities dropped despite the 57% fall in the CO2
tax on fossil fuels in 2011. In this way, Event 12’s lack of stringency in terms of
regulating CO2 emissions seems to have been outweighed by the other events’
effects on this pollutant.
Regulatory Events, Environmental Process Innovation and Innovation Offsets
1999-2003
The left-hand panel of Figure I-21 plots Events 3 and 4 against various energy
efficiency indicators in the Swedish PPI during 1999-2003; the immediate pre
and post event period. The reason why I include pre and post event period in the
analysis is that I expect firms to either anticipate or react on the respective
regulatory event—by implementing energy efficiency improvement measures in
their plants.160 The right-hand panel of Figure I-21 plots the industry’s air
pollution abatement expenditure and energy purchase prices (including taxes)
that it had to pay during that period. Thus, the right-hand panel aims to shed
light on potential causes—price trends versus regulation—of the changes in the
industry’s efficiency indicators. In this case, the distinction is not that clear-cut
due to the fact that Events 3 and 4 are already priced in in the purchase price for
fossil and wood fuels: The industry’s purchase price for fossil fuels in 2001
contains the 230% increase in the natural gas tax from 11 to 36 SEK/MWh in
Price increases may be a further explanation, in particular for the industry’s switch away
from fuel oils (+28%). On the other hand, specific natural gas use increased despite a 15%
rise in prices, and specific biofuel use dropped although prices for wood fuels slightly
decreased (-3%).
160 The descriptive analysis for 1999-2003 is furthermore based on Table A- I-3.
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2000-2001; the fossil fuel price for 2002 includes the lowered threshold for tax
exemption with regard to the sulfur content of fuel oils; And the wood fuel price
includes the introduced crude pine oil tax of 51 SEK/MWh, also from 2002. By
contrast, the purchase price for electricity excludes environmental taxes because
the PPI has been exempt from the electricity tax since 1991.
Net use of fuels and thermal energy per ton output fell in the pre-event period
1999-2001. This can have been triggered by increases in the purchase price of
fossil fuels Table A- I-3 in the Appendix.161 As can be verified from that table,
the effect of the increase in the CO2 tax on natural gas appears to have
materialized in 2001-2002, when a major shift away from fossil fuels and toward
biofuels occurred, despite falling prices for fossil fuels. At the same time, as
discussed above, air pollution abatement expenditures per ton output were fairly
high in 2001 so that the tax increase can have induced investments in clean
technologies based on biofuels at Swedish pulp and paper plants. As shown in
Figure I-21, biofuel purchase prices were highly competitive at that time, and due
to being by-products of the production process, biofuels are even free of charge
in many cases. It is the cheap use of this input factor that can have been
responsible for the deterioration in the specific use of fuels and thermal energy
during 2001-2002. Then, in 2002-2003, fuel and thermal energy efficiency
improved again because plants economized on biofuels, replacing it in part by
fossil fuels—although fossil fuel prices rose during that period. A likely reason
for this improvement can indeed have been the second part of Event 3, that is,
the introduction of the crude pine oil tax. Event 4 may also have contributed to
this but only to a minor degree given that specific fuel oil consumption actually
rose (contrary to what Event 4 would suggest). Thus, Event 3 appears to have
contributed both to a deterioration and improvement of fuel and thermal energy
efficiency. However, it is probably wrong to make a normative judgment
regarding the former, because the event, by inducing the installation of clean
technology, should have enabled plants to capitalize on the use of cheap
biofuels—thereby contributing to an increase in productivity and
competitiveness in the longer run (after the payback period for the technology
investments).
Net electricity use per ton output was on a declining trend throughout 19992003. The respective rates of change show that this was to a large extent driven
by reductions in the specific use of purchased electricity, and, in turn,
corresponding increases in the purchase price of electricity.162 There are three
anomalies though: First, during 1999-2000, specific electricity use dropped
despite increases in the specific use of purchased electricity. This period saw
falling electricity prices and a large rise in the price of fossil fuels (+34%). The
latter in turn was strongly influenced by increases in the price of medium-heavy
fuel oils (+33%), which accounted for over 80% of the industry’s fossil fuel use
The extension of the NOx charge to smaller boilers in 1996/97 (Event 2), and CAC
Regulation (see Section 6.2) might be further reasons.
162. See Section 5.3.
161
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at that time (see Section 5.3). As can be seen from Table A- I-3, this caused a
significant drop (-11%) in the specific use of electricity produced on-site—which
may have been generated by, among others, fossil fuels.163 At the same time, sold
electricity per ton output experienced a large rise (+20%). This can have been
triggered by the first wave of introduction of clean (biofuel-based) production
technologies at Swedish pulp and paper plants during 1999-2000 (cf. Table AI-3). More precisely, the jump in specific biofuel consumption may have
contributed to plants’ improvement in electricity efficiency, by generating
innovation offsets in the form of revenues from selling biofuel-based electricity
produced on-site to the grid.

Figure I-21. Regulatory events, air pollution abatement expenditure, and
energy prices versus energy efficiency indicators in the PPI, 1999-2003
Source: Author’s illustration based on data from Swedish Forest Industries and Statistics
Sweden.

Second, between 2001 and 2002, purchased electricity per ton output dropped
despite a slight fall in the electricity price. One possible explanation to this could
be that the 230% rise in the CO2 tax on natural gas (Event 3) induced the industry
to increase its on-site electricity production (+8%) based on cheap biofuels and,
to a minor extent, certain fossil fuels such as LPG and coal, whose prices had
dropped during that period.164 Another reason may be that this event can have
contributed to an improvement in the industry’s electricity efficiency, given that
net electricity use per ton output fell (-1.5%). It can be conjectured that the
The extension of the NOx charge in 1996/97 (Event 2), which most likely caused mills’
biofuel use to fall, could also have contributed to the drop in on-site electricity production.
This is because biofuels have been increasingly used by the Swedish pulp and paper industry
to produce electricity (see Section 5.3).
164 Recall that in 2001/02 specific biofuel consumption rose by 3.6%, which can have implied a
second wave of introduction of clean (biofuel-based) production technologies at Swedish pulp
and paper plants.
163
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improvement in electricity efficiency during 2001/02 was indeed due to the
replacement of purchased electricity by on-site electricity production, which, as
discussed in Section 5, is a common indicator for energy efficiency
improvements. The fact that plants increased their sale of electricity per ton
output by 4% supports this reasoning. Hence, one can make a case that regulation
(i.e. the 230% increase in the natural gas tax) induced in part this innovation
offset at Swedish pulp and paper mills.
The third issue worth mentioning is the rather steep fall in on-site electricity
production (-12%) during 2002-03, which can have contributed to some degree
to the fall in net electricity use per ton output during that period. Rises in the
purchase price for fossil fuels are certainly one determining factor behind this
drop. Another potential factor, though, may have been the energy tax on crude
pine oil (Event 3), which can have dissuaded plants from generating on-site
electric power by means of this biofuel—and which, as a result, kept plants from
selling biofuel-based electricity to the grid (sold electricity per ton output
dropped by 36%).
Hence, one can argue that the introduction of the energy tax on crude pine
oil may have had an ambivalent impact on the PPI. True, it can have induced
plants to implement electricity efficiency measures, which represents one type of
innovation offset. At the same time, though, the reduction in on-site electricity
production per ton output most likely prevented plants from reaping another
innovation offset in the form of extra revenues from selling on-site generated
electricity (given the drop in sold electricity per ton output).
2003-2007
During 2003-04, the specific use of fuels and thermal energy continued to fall (4.7%), owing to efficiency improvements in the use of both biofuels (-3.5%) and
fossil fuels (-13%).165 There are signs that this positive trend was stimulated to a
significant degree by the regulatory events (Events 5-8) introduced at that time.
First, as discussed further above, the drop in the specific use of fossil fuels was
higher than what the increase in the price of fossil fuels (+6.5%) would suggest.
Second, the specific use of biofuels decreased despite falling prices for wood
fuels (-18.4%)—and despite the low biofuel price level relative to fossil fuel
prices. Third, the massive rise in the industry’s air pollution expenditure per ton
output (see above) falls into the period 2003-04. On that basis, it can be
conjectured that the industry’s increased expenditures for air pollution abatement
constituted to a major extent investments in fuel and thermal energy efficiency.
This in turn may have been induced in part by Event 6 (government grants for a
clean and efficient energy supply), and by the recently introduced tax on pine oil
(Event 3). The upcoming EU Emission Trading Scheme (Event 7) most likely also

The descriptive analysis for the years 2003-2007 is based on Figure I-22 below, and on
Table A- I-3.
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played a role in that context, inducing further investments in thermal energy
efficiency.
2004-05 saw a small deterioration in fuel and thermal energy efficiency. This
was due to a major rise in specific biofuel consumption (+3.8%), despite a large
increase in the price for wood fuels (+78%). At the same time, the industry’s air
pollution abatement expenditure rose another 43% to its highest level during
2001-2011; 21 SEK per ton output. A possible explanation is that Event 5 (ECS),
as well as Events 6 and 7, stimulated a second wave of investments (after 20012002) in clean technology based on biofuels—which had a temporarily adverse
effect on fuel and thermal energy efficiency, but which again should have
benefitted the industry in the longer run in the form of lower (bio)-fuel input
prices. Moreover, thermal energy sales saw a substantial increase (+9.5%); most
likely yet another regulation-induced innovation offset springing from the
expansion of biofuel-based production technology.
During 2005-2007, fuel and thermal energy efficiency resumed its drop. This
was clearly driven by improvements in fossil fuel efficiency, which more than
offset deteriorations in biofuel efficiency. Between 2005 and 2006, the main
driver was most likely the 12% rise in the fossil fuel price, which caused a fairly
elastic decrease in fossil fuel demand (specific fossil fuel use dropped by 7.5%).
This pattern changed during 2006-2007, when specific fossil fuel use dropped
significantly (-17%), despite a slight drop in the price for fossil fuels. The fact
that the industry obviously did not respond to this price incentive can have to do
with the above regulatory events, particularly Events 6 and 7, which had a clear
focus on biofuel-based technologies (specific biofuel use rose by 2.4%) and
energy efficiency. Probably as a result of expanding biofuel capacity, thermal
energy sales also increased significantly (+11%), generating innovation offsets
for (parts of) the industry.
To sum up, there are signs that the regulatory events introduced during 2004
and 2007 contributed to inducing improvements in fuel and thermal energy
efficiency, in particular during 2003-2004 and 2006-2007. Moreover, it can be
argued in more general terms that these events, by increasingly stimulating the
adoption of clean technologies based on biofuels, triggered longer-run
innovation offsets for the industry in the form of lower (bio)-fuel input prices,
as well as thermal energy sales.
There is evidence that the above regulatory events, primarily Event 5 (ECS),
also triggered innovation offsets in the form of improvements in electricity
efficiency, including proceeds from electricity sales, at Swedish pulp and paper
plants. In 2003-04, the electricity price rose considerably for the second
consecutive year (+13%), causing a fall in the use of purchased electricity per ton
output. Plants compensated this, in part, by substantially increasing their on-site
production of electricity (on-site production of electricity per ton output rose by
13%). This increase, however, was clearly also induced by Event 5 (ECS), which
rewarded the on-site generation, and subsequent sale, of biofuel-based electricity
production (typically at chemical pulp plants). The fact that sold electricity per
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ton output skyrocketed during that period (+238%) provides further evidence in
this regard. Hence, ECS appears to have played a significant role in inducing
innovation offsets in the form of electricity efficiency improvements at Swedish
pulp and paper plants: by stimulating on-site electricity generation and an
increase in electricity sales. The jump in the industry’s air pollution expenditure
(per ton output), which may in part have been used to strengthen plants’ on-site
electricity generation capacity, confirms this reasoning. The increase in electricity
efficiency might to some extent also have been favored by Event 6 (government
grants for a clean and efficient energy supply), and the upcoming Event 7 (ETS).
Between 2004 and 2005, electricity efficiency worsened, driven by an increase
in the specific use of purchased electricity—despite rising electricity prices. A
potential reason can have been the fact that the average fossil fuel price had risen
above the electricity price, so that purchasing electricity tended to be cheaper
than generating it on-site (this indicator dropped by 0.8%), and selling parts of it
(electricity sales fell by 55%). In 2005-06 electricity efficiency improved again,
caused by a drop in the specific use of purchased electricity and an increase in
the more efficient on-site electricity production (+3.2%), as well as a substantial
rise in sold electricity (+52%). Here again price dynamics seem to have been
involved; during that period, the electricity price was above the average fossil fuel
price, inducing power-consuming plants to improve on electricity efficiency. At
the same time, though, Event 5 (ECS) can have played in, given that the renewable
energy quota was raised for the second consecutive year (+28% in 2004/05, and
+21% in 2005/06), spurring on-site power generation and expansion of clean
power generation capacity (at chemical pulp plants). Moreover, the recently
started PFE (Event 8), in combination with Event 6 (grants) and Event 7 (ETS)
may have had a positive impact. The fact that the industry’s air pollution
abatement expenditure remained fairly high in 2005/06 (falling by 7.8%) suggests
an involvement of these events. Finally, electricity efficiency worsened once
more during 2006-07, owing to a 10% drop in the purchase price for electricity,
which appears to have triggered an increase in specific consumption of purchased
electricity (+1.1%). This increase seems to have outweighed the simultaneous
rises in (clean) on-site electricity generation (+14%) and sold electricity (+52%),
typically at chemical pulp mills—and most likely triggered by Event 5 (ECS), and
to some extent, probably also Events 6-8.166

It can be conjectured that the increases in clean on-site electricity generation and electricity
sales by Swedish (chemical) pulp and paper plants have been favored by yet another major rise
in the use of biofuels and increases in biofuel-based production capacities (specific biofuel
consumption grew by 2.4% in 2006/07).
166
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.
Figure I-22. Regulatory events, air pollution abatement expenditure, and
energy prices versus energy efficiency indicators in the PPI, 2003-2007
Source: Author’s illustration based on data from Swedish Forest Industries and Statistics
Sweden.

2007-2011
Between 2007 and 2008, the industry’s fuel and thermal energy efficiency
improved for the third consecutive year, driven by a significant increase in the
price of fossil fuels (+21%), which induced a drop in specific fossil fuel
consumption by the same magnitude (-21%).167 This trend came to a halt during
2008-2009: Fuel and thermal energy efficiency deteriorated by 4%, triggered most
likely by yet another large wave of transition to clean biofuel-based technologies
(specific biofuel use rose by 4.9%).168 Remarkably, fossil fuel prices dropped
during that period, so a case can be made that the regulatory events that came
into force in 2008 were significantly involved in this efficiency loss. This applies
in particular to Phase II of the CO2 ETS (Event 10), which, unlike Event 9 (the
rise in the NOx charge) was explicitly targeted at inducing the use of biofuels—
which, all else equal, makes it less necessary to economize on this cheap input
factor. The conjecture that regulation may have been associated with this
efficiency loss is further confirmed by the fact that air pollution abatement
expenditure per ton output significantly rose during 2007-08 (+35%), most likely
resulting in clean technology investments related to biofuels, whose effect was
first noted in 2008-09. Again, as during the previous large adoption periods of
biofuels, a normative interpretation of this decrease in fuel and thermal efficiency
would be misleading since the use of cheap biofuels, ceteris paribus, clearly
boosts productivity and competitiveness. Finally, the period 2009-2011 was
characterized by improvements in this efficiency indicator, fueled by reductions
in the specific use of biofuels, and from 2010 also by a drop in specific fossil fuel
Specific biofuel consumption grew by 1.26% during that period (see Table A- I-3).
The descriptive analysis for the years 2007-2011 is based on Figure I-23 below, and on
Table A- I-3.
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use. The former may be attributable to the rise in the NOx charge (Event 9) and
Event 11 (the significant increase in the crude pine oil tax): Both events should
have entailed a more economical use of biofuels, and hence contributed to
improving fuel and thermal energy efficiency. The 102% rise in air pollution
abatement expenditure during 2010-11 supports this hypothesis, although the
expenditures might also have been destined for end-of-pipe measures to control
NOx emissions, or even due to tightened regulation in the future.169 By contrast,
the drop in specific fossil fuel use in 2010/11 was certainly also price-driven (the
purchase price for fossil fuels rose by 27%). Interestingly, in 2009/10 specific use
of fossil fuels rose despite a substantial increase in its purchase price (+16%).
This again points to the involvement of Events 9 and 11: plants switched away
from fuels with a high NOx emission factor such as coal and toward fuels with
a lower NOx emission factor such as LPG (cf. Table A- I-3).
Just as during the period 2004-2007, there are some signs that the regulatory
events introduced—or still in force—between 2008 and 2011 contributed to
electricity efficiency gains, not least in the form revenues from electricity sales, at
Swedish pulp and paper plants. This applies in particular to Event 5 (ECS). At the
same time, however, it cannot be excluded that some of these regulatory events
(Events 9 and 11) also had a negative impact on electricity efficiency, by
discouraging the production, and sale, of biofuel-based on-site electricity: Both
events penalized the use of NOx-intensive biofuels. During 2007-08 and 200910, the improvements in electricity efficiency appear to have been primarily
caused by rises in the purchase price of electricity, which induced a drop in the
specific use of purchased electricity. Nevertheless, Event 5 (ECS), and to some
extent Events 6-8, may also have had an influence, not least due to the fact that
on-site electricity generation and electricity sales increased during both time
periods. By contrast, during 2008-09 and 2010-11, the specific use of purchased
electricity increased despite a rising purchase price for electricity. This caused
electricity efficiency to drop slightly in 2008-09 (+0.66%) and to virtually remain
the same in 2010-11 (-0.06%). The rise in the NOx charge (Event 9), as well as
the large rise in the energy tax on pine oil (Event 11) might have contributed to
this trend: plants may have wanted to avoid the probably more NOx-intensive
on-site electricity production, instead resorting to purchased electricity to satisfy
their electricity demands. On-site electricity fell indeed during these time periods.

The Directive on Industrial Emissions 2010/75/EU (IED) was adopted on 24 November
2010 and published in the Official Journal on 17 December 2010. It entered into force on 6
January 2011 and had to be transposed into national legislation by Member States by 7 January
2013 (SEPA 2014).
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Figure I-23. Regulatory events, air pollution abatement expenditure, and
energy prices versus energy efficiency indicators in the PPI, 2007-2011
Source: Author’s illustration based on data from Swedish Forest Industries and Statistics
Sweden.

6.1.4

Hypotheses on the Performance Effects of Swedish
Economic Instruments

The descriptive analysis in Section 6.1.3 can be subsumed into predicted effects
regarding the events in the use of economic instruments on the Swedish PPI’s
air emission performance, clean technology innovation, and innovation offsets.
These predicted effects, as well as the hypotheses derived from them, are of
particular relevance for the empirical tests in Part 2. First, Table I-6 summarizes
the predicted effects as to the link between these events and the industry’s CO2,
SO2 and NOx intensities.
As can be seen in Table I-6, in the period 2002/03, the regulatory events’ total
predicted effect is positive, meaning that the events introduced, or in force, at
that time are hypothesized to have contributed to a deterioration in the industry’s
CO2 and SO2 intensities (and to some extent also NOx intensities). As
mentioned in Section 6.1.3, 2002/03 saw a lack of stringency as regards the use
of economic instruments in regulating CO2, SO2, and NOx pollutants. Against
this backdrop, in the econometric analyses in Part 2, changes in air emission
intensities during 1999-2011 will be benchmarked against corresponding changes
in this period of low regulatory stringency (i.e. 2002/03). This translates into the
following hypotheses:

H1a. The events associated with the use of Swedish economic incentive instruments have induced
larger improvements in the PPI’s CO2 intensity between 2003/04 and 2008/09, as well as
during 2010/11 than what they did in 2002/03.

111

Jönköping International Business School

H1b.The events associated with the use of Swedish economic incentive instruments have induced

larger improvements in the PPI’s SO2 intensity between 2001/02 and 2010/11, than what
they did in 2002/03.

H1c. The events associated with the use of Swedish economic incentive instruments have induced

larger improvements in the PPI’s NOx intensity during 1999/00 2003/04, 2004/05,
2006/07, 2007/08, 2009/10 and 2010/11 than what they did in 2002/03.

Year
01-02
02-03
03-04
04-05
05-06
06-07
07-08
08-09
09-10
10-11
01-02
02-03
03-04
04-05
05-06
06-07
07-08
08-09
09-10
10-11
01-02
02-03
03-04
04-05
05-06
06-07
07-08
08-09
09-10
10-11

∆NOx/Y

∆SO2/Y

PERFORMANCE

∆CO2/Y

Var

REGULATION-INDUCED OVERALL ENVIRONMENTAL INNOVATION AND

Table I-6. Predicted effects of events in the use of economic incentive
instruments on air emission intensities in the PPI
Total
Effect
+
+
-/+
+
-/+
-/+
-/+
-/+
-

E3
+
+
+

+
-/+

-/+
-/+
-/+

E4
n/a
n/a

E5

Regulatory Event (E3-E12)
E6
E7
E8
E9
E10

-

--

-

-

-

-/+
-/+
-/+
-/+
-/+
-/+
-/+
-/+

-/+
-/+
-/+
-/+

E11

E12

-

-/+
-/+
-/+
-/+

-

+
+

+/0

-

-/+
-/+
-/+
-/+

-

-/+
-/+

-/+

-

-

-/+
-/+
-/+
-/+

-

+

n/a
n/a
-/+
-/+
-/+
-/+
-/+

Source: Author’s illustration.
Note: - (+) indicates improvement (deterioration) in air emission efficiency. The predicted effects are
based on the findings from the descriptive analysis and/or theoretical expectations.

Next, the predicted effects regarding the relationship between the regulatory
events and the industry’s use of low-emission fuels (proxied by an increase in
specific biofuel consumption and a decrease in specific fossil fuel consumption)
are presented in Table I-7. Again, 2002/03 saw a period of low regulatory
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stringency, given the negative total predicted effect of the regulatory events on
the specific use of low-emission fuels. Therefore, in the empirical tests in Part 2,
2002/03 will be the reference year, and the hypotheses are as follows:

H2a. The events associated with the use of Swedish economic incentive instruments have induced

larger increases in the PPI’s specific use of biofuels during 2001/02 and 2004/05—
2006/07 than what they did in 2002/03.

H2b. The events associated with the use of Swedish economic incentive instruments have induced

larger reductions in the PPI’s specific use of fossil fuels during 2001/02, 2003/04—
2008/09, and 2010/11 than what they did in 2002/03.

YEAR
01-02
02-03
03-04
04-05
05-06
06-07
07-08
08-09
09-10
10-11
01-02
02-03
03-04
04-05
05-06
06-07
07-08
08-09
09-10
10-11

∆Fossil fuels/Y

∆Biofuels/Y

VAR

Regulation-induced clean technology innovation

Table I-7. Predicted effects of events in the use of economic incentive
instruments on the use of low-emission fuels in the PPI
TOTAL
EFFECT
+
-/+
+
+
+
+/+/+/+/+
+/0
-

E3
+
-

-/+
-

E4
n/a
n/a

E5

REGULATORY EVENT (E3-E12)
E6
E7
E8
E9
E10

+
+
+
+
+

+
+
+
+
+
+
+
+

+
+
+
+

-

-

E11

E12

-

-/+
-/+
-/+
-/+

+
+
+
+

-/0
-/0

-

-

-/+
-/+
-/+
-/+

-

+/0
+/0

+

-/0
-/0
-

Source: Author’s illustration.
Note: - (+) indicates decrease (increase) in specific biofuel consumption and specific fossil fuel
consumption, respectively. The predicted effects are based on the findings from the descriptive analysis
and/or theoretical expectations.

Finally, Table I-8 reports the predicted effects as regards the link between the
above events and the industry’s energy efficiency, composed of fuel and thermal
energy efficiency as well as electricity efficiency.
Regarding fuel and thermal energy efficiency, the descriptive analysis points
to two periods of lower regulatory stringency, namely 2001/02 and 2008/09,
which becomes manifest in negative predicted effects of the regulatory events on
the industry’s fuel and thermal energy efficiency. At the same time, though, the
year 2002/03 was already identified as a period with less stringent regulations.
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Moreover, changes in fuel and thermal energy efficiency are largely determined
by changes in specific biofuel use (cf. Section 5.1.3)—which, as seen, I
hypothesized to be negatively affected by lax regulations in 2002/03. I therefore
keep 2002/03 as base year in the econometric analysis.
Table I-8. Predicted effects of major Swedish regulatory events in the
use of economic policy instruments on energy efficiency in the PPI

∆Fuels & thermal
energy/Y
∆Net electricity/Y

Regulation-induced energy efficiency improvement

Var

Year
01-02
02-03
03-04
04-05
05-06
06-07
07-08
08-09
09-10
10-11
01-02
02-03
03-04
04-05
05-06
06-07
07-08
08-09
09-10
10-11

Total
Effect
+
-/+
-/+
-/+
+
-

E3
-/+
-/+
-

-

E4
-

E5
-/+
-/+
-/+
-/+
-/+

Regulatory Event (E1-E12)
E6
E7
E8
E9
E10
-/+
-/+
-/+
-/+
-/+
-/+
-/+

-/+
-/+
-/+

-

-

-

E11

E12

-

-/+
-/+
-/+
-/+

-

+

-

-

-

+

-

-

Source: Author’s illustration.
Note: - (+) indicates improvement (deterioration) in energy efficiency. The predicted effects are based
on the findings from the descriptive analysis and/or a priori expectations.

As for the change in electricity efficiency, the descriptive analysis suggests that
the year 2001/02 might be a useful reference year because there are reasons to
assume that the 2001/02 change in the industry’s electricity efficiency was to
some extent induced by regulation:170 That year saw a fairly large substitution of
electric power generated on-site for purchased electricity—despite a drop in the
electricity price—resulting in electricity efficiency improvements at Swedish pulp
and paper plants. In the remaining years, though, changes in electricity efficiency
were largely dependent on changes in the specific use of purchased electricity and
corresponding changes in the purchase price of electricity, respectively (see
Sections 5.3.2 and 6.1.3). This, obviously, complicates tracing the regulatory
As seen in Section 5.3.2, electricity efficiency is largely driven by the specific use of
purchased electricity, and less by specific use of biofuels and/or fossil fuels. Therefore, in
contrast to fuel and thermal energy efficiency, it makes less sense to use the year 2002/03 as
reference year in the econometric tests regarding the regulatory impact on the industry’s
electricity efficiency.
170
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events’ impact on this indicator—although the descriptive analyses found some
evidence that the events positively affected the industry’s electricity efficiency. I
therefore choose to base the predicted effects in the lower panel of Table I-8 on
the Porter Hypothesis’ predictions, namely that well-designed regulation (i.e.
Events 3-12) is able to detect and reduce inefficiencies at companies. In practice,
this means that the predicted total regulatory effect in the lower panel of Table
I-8 will always be positive, and that I will not formulate an additional specific
hypothesis regarding the industry’s electricity efficiency.171
As far as fuel and thermal energy efficiency changes are concerned (upper
panel of Table I-8), where economic incentive instruments most likely had a
significant impact, the following hypothesis can be formulated:

H3. The events associated with the use of Swedish economic incentive instruments have induced
larger improvements in the PPI’s fuel and thermal energy efficiency during 2003/04, 2004/05,
2006/07, 2009/10 and 2010/11 than what they did in 2002/03.

6.2 Swedish Command-and-control Regulation
Porter’s suggested properties of well-designed environmental regulations are also
found in Swedish command-and-control (CAC) regulation of polluting
industries, which is discussed in the following.

6.2.1

Stringent Regulation by Environmental Courts

Regulatory stringency, in the form of exerting pressure, improving firms’
environmental awareness, and setting clear environmental goals, is a key feature
of well-crafted regulations in the Porterian sense. Swedish CAC regulation of the
largest and most polluting plants and firms, on which the subsequent empirical
analyses are based, occurs through licensing and with plant-specific
environmental standards set by regional environmental courts. This ensures
regulatory stringency, given that courts, and not political bodies (e.g.
municipalities)—which tend to be more lenient—are primarily responsible for
regulation (Lönnroth 2010, Sjöberg 2012).172 The major frame of reference in
that context is Ordinance (1998:899) on Environmentally Hazardous Activities
and Health Protection (Swedish Code of Statutes 1998b). It concerns
environmentally hazardous activities and health protection as stipulated in
Chapter 9 in the Swedish Environmental Code (Swedish Code of Statutes 1998a).
Pulp and paper firms are subject to (1998:899) because their production
processes give rise to environmentally harmful by-products, such as water
In the econometric analysis in Part 2, I will benchmark electricity efficiency changes against
the reference year 2001/02, taking into account that in that year, regulation most likely had a
significant impact on this indicator.
172 See also Section 6.3.
171
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effluents and air emissions. In accordance with Chapter 9, 6 § in the
Environmental Code, this forces them to apply for an operating permit from the
regulatory authorities to conduct their activities. 6 § in (1998:899) stipulates that
the operating permit for the plants with the largest environmental impact shall
be issued by regional environmental courts; those plants are labeled A-plants.
(Swedish Code of Statutes 1998a, Swedish Code of Statutes 1998d)173 Prior to
1999, A-Plants were supervised by the Franchise Board for Environmental
Protection —a quasi-judicial body (Swedish Code of Statutes 1969a, Swedish
Code of Statutes 1969b, Swedish Code of Statutes 1981, Swedish Code of
Statutes 1988).

6.2.2

Flexible Performance Standards and Compliance
Periods

Porter moreover stresses that while the regulatory authority should set clear
environmental goals, it should ensure flexibility in that firms themselves should
identify and implement the environmental innovations necessary to achieve
those goals. In Swedish CAC regulation, the plant-specific environmental
standards stipulated by the environmental courts are mostly performance
standards, usually set in combination with granting certain compliance and
probation periods (Bergquist, Söderholm et al. 2013).174 This has the advantage
of letting firms themselves test and select the most appropriate compliance
measures within a given time frame, until the final license is obtained. Thus,
imposed emission targets are met in a flexible and cost-effective way.
There is descriptive evidence that the Swedish PPI has been one beneficiary
of this regulatory system, at least between 1970 and 1990. As Bergquist,
Söderholm et al. (2013) note, the regulatory emphasis on flexible compliance
strategies and adequate phase-in periods in terms of meeting performance
standards has induced environmental innovation focused on internal process
changes rather than end-of-pipe solutions, which, in turn, has resulted in deep
and efficient emission reductions. As discussed in Section 2.2.2, this is line with
recent theoretical and empirical evidence that performance standards have
advantages in inducing radical innovation.

6.2.3

Flexible Interpretation of ‘Best Available Technology’

The performance standards prescribed by the regulatory authorities are implicitly
based on Best Available Technology (BAT) considerations, which, by definition,
are technology-forcing.175 However, the Swedish interpretation of BAT has been
As a rule of thumb, A-Plants in the pulp and paper industry are characterized by producing
at least between 7,000 and 10,000 tons of pulp or paper annually.
174 Performance standards are discussed in Section 2.2.1.
175 See Section 2.2.1 and European Commission (2001).
173

116

Introduction and Summary of the Thesis

flexible in that plant-specific issues regarding (i) environmental risks and (ii)
economic feasibility are taken into account (Swedish Code of Statutes 1998b,
SEPA 2002, OECD 2007). This constitutes yet another element of flexibility in
Swedish CAC regulation beyond that ensured by performance standards and
extended compliance periods.176
The issue of environmental risks is related to a component of the Swedish
BAT-definition known as ‘proportionality’ (‘miljömässigt motiverat’): A
technology is deemed available for a given plant (firm) if the marginal benefit to
the environment exceeds the marginal cost of introducing the technology. If not,
the principle of proportionality would be violated (Karlsson and Albrektson
2002). A realization of the ‘Polluter Pays Principle’ (Swedish Code of Statutes
1998a), this may imply, for example, that larger plants will have to allocate more
resources to pollution abatement—in order to internalize their larger
environmental footprint. Analogously, one might expect that mills located close
to environmentally-sensitive areas (e.g. nature reserve, inland water) are subject
to stricter regulation than those that are not. Supportive evidence in this regard
is provided by SEPA (2002). Analyzing environmental regulation in the Swedish
PPI, the study finds that inland plants and large plants have been subject to
stricter emission limits relative to production than coastal and small plants. The
authors view this as being supportive of the permit system’s environmental
efficiency. Moreover, since 1998, Sweden has environmental quality standards
that stipulate the maximum tolerable amount of NO2 and SO2 in the air (µg/m3
air). The regulations explicitly distinguish between, on the one hand, human
health protection in agglomerated areas and, on the other, protection of
ecosystems and vegetation outside agglomerations. Interestingly, the latter has
stricter ELVs, which suggests that pulp and paper plants located in
environmentally sensitive or areas or outside agglomerations might face stricter
ELVs on the part of the regulatory authorities (Swedish Code of Statutes 1998c,
Swedish Code of Statutes 2001, Swedish Code of Statutes 2010).
Economic feasibility, or affordability, issues (‘ekonomiskt möjligt’) constitute
the second major element of the Swedish BAT-definition: Regulators consider a
technology available for a plant (firm) if they conclude that a typical (average)
firm in the industry to which that firm belongs would be able to incur the cost
of introducing that technology. However, in practice the regulators, instead of
solely relying on the ‘average-firm’ approach, often also behave more leniently,
taking into account the individual economic situation of the regulated firm—and
its local economic importance, respectively for their BAT-prescriptions
(Karlsson and Albrektson 2002). This cooperative approach, which will be
discussed further in Sections 6.2.4, is summarized aptly by Lönnroth (2010, p.11)
who notes that Swedish industry “chose cooperation over confrontation,”
accepting “that the best available technology should be the basis for
As shall be seen in Section 6.3, there are drawbacks with this approach, too, in particular
as regards the economic feasibility feature of Swedish BAT.
176
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environmental protection, in exchange for an influence over the rate of
introduction of new technology–and hence over the economics of its
introduction.”
Based on the Swedish economic feasibility principle, it is reasonable to again
assume that larger mills will be inflicted more stringent emission standards than
smaller mills—because it will be more cost-efficient from a national welfare point
of view: Large mills, due to their economies of scale, should have lower pollution
abatement costs per unit emissions than small mills less able to reap those scale
effects. Therefore, in terms of national welfare, reducing one ton of emissions in
a large mill would be cheaper than reducing the same amount of emissions in a
small mill (SEPA 2002).

6.2.4

Regulator-Industry Coordination and Decoupled
Growth via Capacity Expansion

Porter stresses the need for effective coordination between the regulatory
authorities and industry to induce environmental innovation, and increase the
odds for a win-win situation of simultaneous environmental and economic
benefits. This is somewhat related to his claim that well-designed policy should
be predictable and reduce uncertainty to avoid market failures caused by
knowledge spillovers, adoption externalities and incomplete information (Jaffe,
Newell et al. 2005). Porter moreover is clear on that the regulator should promote
not unproductive end-of-pipe solutions but internal process changes, which
potentially induce offsets through enhanced resource productivity and which at
the same time reduce pollution at an early stage.
There are indications that Sweden CAC regulation satisfies these criteria to a
significant degree. One key to achieving uncertainty avoidance and predictability
in policy seems to be the Swedish policy style, which is based on long-term
cooperation and consensus between the polluting firms and regulatory
authorities—an informal institutional quality (North 1990, Bergquist, Söderholm
et al. 2013).177 With regard to the Swedish PPI, one manifestation of this has been
a long-standing regulator-firm and firm-firm collaboration in environmental
R&D. Typical collaborating parties were the industry, research institutions,
equipment suppliers, and government authorities who often provided significant
funding (Bergquist, Söderholm et al. 2013). These strategic alliances were mostly
aimed at the development and diffusion of new process-integrated technologies
(and the corresponding transfer of knowledge) because such internal process
changes were considered imperative to be able to achieve decoupled growth, that
is, to combine pollution reductions with output expansions (Bergquist and
Söderholm 2010, Bergquist, Söderholm et al. 2013).178 The Swedish collaborative
See Section 1.
The Program for Energy Efficiency (PFE), outlined in Section 6.1, is another example in that
context.
177
178
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approach based on long-term regulator-industry relationships moreover should
be rather cost efficient because they it reduces information asymmetries, thereby
increasing the likelihood that polluters’ abatement cost functions are known to
the regulator (see Section 2.2).
From a Swedish CAC regulatory, as well as econometric, perspective, there is
one example that, due to its rather easy measurability, provides an interesting
study case as to the realization of decoupled growth via a combination of
pollution abatement and productive investments. This example relates to the
validity period of plants’ environmental permits. As stipulated in Chapter 16, 2
§, and Chapter 24, 5 § in the Environmental Code, permits for environmentally
hazardous operations are temporary. Plant investment in production capacity
provides a case in point.179 Operators need to apply with an environmental court
if they aim to expand production capacity. If they succeed in obtaining the courts’
approval to do so, permit conditions are typically revised, because an expansion
of operations will entail an increase in pollution. This mechanism is in line with
the Polluter Pays Principle stated above.
In practice, it means that the environmental courts will demand that operators
improve on their pollution efficiency by investing in pollution abatement and
control technology.180 Even here, the degree of regulatory stringency imposed by
the environmental courts varies from plant to plant; it is determined by the
above-named guiding principles of Swedish BAT-practice: proportionality and
economic feasibility. Still, the regulator-industry interplay in the context of plantlevel investment in production capacity is a mechanism that favors decoupled
growth—and hence the ‘double dividend’ of environmental and economic
benefits. The decoupled growth prospects are further reinforced by the abovementioned tendency of Swedish regulators to, on the one hand, grant extensive
compliance periods and, on the other, promote internal process changes rather
than end-of-pipe solutions.

6.2.5

Industry Performance Effects of CAC Regulation via
Capacity Expansion

This section builds on Section 5.3, by descriptively analyzing to what extent seven
major production capacity expansions in the Swedish PPI between 1999 and
2011 (CE 1 to CE 7) have achieved a decoupling of growth from environmental
impact as a result of switching to clean production technologies. I moreover
Moreover, the environmental courts may review permit conditions if, from a health or
environmental viewpoint, a significant pollution reduction can be achieved by using new
process or cleaning technology, or if the use of new technology for measuring or estimating
pollution would entail a significantly better control of operations.
180 Cf. https://lagen.nu/dom/index/mod-1999.html. As discussed, Swedish pollution abatement
and control measures tend to be focused on productivity-enhancing clean production
technologies rather than unproductive end-of-pipe measures.
179

119

Jönköping International Business School

examine the link between CAC regulation via capacity expansions, and process
innovation offsets through energy efficiency improvements.181 I conclude the
examinations by formulating specific hypotheses to be tested in the econometric
analysis in Part 2.
Expansions in plants’ production capacity are supposed to proxy Swedish
CAC regulation: As described in Section 6.2.4, investment in new capacity is
directly related to CAC regulation because it needs to be approved by the regional
environmental courts, which are said to tighten regulatory prescriptions
regarding the expanding plants’ emission standards. The deep emission
reductions demanded by the regulatory authorities, in turn, are often
accomplished by fundamentally reconfiguring production processes through the
adoption of clean technologies. Carrying out internal process changes, as
opposed to relying to end-of-pipe emission control measures, is indeed deemed
necessary to achieve decoupled growth, that is, to simultaneously increase output
and reduce emission (Lindmark and Bergquist 2008, Bergquist and Söderholm
2010).
Overall Environmental Innovation and Performance: Change in Air Emission Intensity
Figure I-24 plots the industry’s capacity expansions against industry trends in air
emission intensities. SO2 and NOx intensities dropped during six out of seven
capacity expansion periods. By contrast, CO2 intensity was reduced only during
three out of seven expansion periods. The picture changes slightly when
analyzing the effect of a capacity expansion on reductions in air emission
intensities in the following year. CO2 intensity now drops in five out of seven
cases, with SO2 and NOx intensities virtually remaining unchanged (NOx
intensity now falls in five out of seven periods).182
These results may be explained by the fact that, in contrast to SO2 and NOx
intensity reductions, improvements in CO2 intensity may take some time to
materialize, given that they cannot be achieved by ‘quick fixes’ in the form of
end-of-pipe emission control measures, but by more fundamental changes in the
process technology (i.e. clean production technologies, as well as energy
efficiency measures). Moreover, it might be the case that CO2 emissions have
been increasingly regulated by economic policy instruments, rather than by CAC
regulation, whereas SO2 and NOx emissions continue to fall under the auspices
of the latter.183

Similar to Section 6.1.3, one reason for performing a detailed descriptive analysis as base
for the econometric tests in Part 2 is that plants in principle might conduct environmental
innovation in the context of capacity expansions due to price changes as well. Since I do not
dispose of detailed price data, I attempt to ‘control’ for prices by means of the subsequent
descriptive investigation.
182 See also Table A- I-1 in the Appendix.
183 I thank Patrick Söderbom, participant in my research seminar at Luleå Tekniska Universitet
(LTU) on 14 February, 2014, for this remark.
181

120

Introduction and Summary of the Thesis

Figure I-24. Major capacity expansions in the Swedish PPI versus
industry trends in air emissions, 1999-2011
Source: Author’s illustration based on data from Swedish Forest Industries and the Nordic
Paper & Pulp Makers' Directory.

To sum up, the descriptive analysis provides evidence for regulation-induced
decoupled growth in the PPI: production capacity expansions were usually
associated with improvements in the industry’s CO2, SO2 and NOx intensities.
Clean Technology Adoption and Innovation: Change in Specific Biofuel and Fossil Fuel
Consumption
Figure I-25 plots the above production capacity expansions against industry
trends in the use of clean production technologies (i.e. biofuels, LPG and natural
gas)—which are deemed necessary to accomplish decoupled growth. Moreover,
Figure I-26 plots the same capacity expansions against industry trends in the use
of high-emission fuels (see also Table A- I-2 and Table A- I-4 in the Appendix).
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Figure I-25. Major capacity expansions in the Swedish PPI versus
industry trends in the use of low-emission fuels, 1999-2011
Source: Author’s illustration based on data from Swedish Forest Industries, Statistics Sweden
(MONA) and the Nordic Paper & Pulp Makers' Directory.

As can be verified, the capacity expansions were characterized by a gradual
replacement of dirty technologies based on high-emission fuels by cleaner
technologies in the form of low-emission fuels. In fact, during four out seven
capacity expansion periods, the specific use of biofuels increased, and the specific
use of LPG rose during each of the seven expansion periods. The latter is
particularly remarkable because not only was LPG the most expensive fossil fuel
during the first six capacity expansion periods (there are no price data for the
seventh expansion period), but its purchase price also exhibited strong increases
during these events.184 By contrast, biofuels were the cheapest fuel source during
these expansion periods, which, on the one hand, explains why pulp and paper
mills have increasingly made use of it.185 On the other, though, it can be assumed
that the transition to biofuel-based combustion processes often involved costly
modernization investments (e.g. in biofuel boilers) from which mills may refrain
(due to fairly large payback periods) unless the regulatory authorities induce them
to do so. Hence, it can be conjectured that these consumption trends have been
significantly influenced by regulation. At the same time, the specific use of highemission fossil fuels (fuel oils and coal) was reduced during the majority of
The most significant period in that context is1999-2000: total production capacity of pulp
and paper increased by 2.7% to almost 26 million tons. This coincided with an enormous rise
in specific biofuel consumption (+7.6%) and specific use of LPG (+32%), although the purchase
price of the latter rose by 94% during that year (cf. Table 6 and Figure 17).
185 See Figure I-19.
184
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capacity expansions (four out of seven). In fact, the drop in specific fuel oil
consumption during these four expansion periods coincides with increases in the
specific use of biofuels, suggesting a gradual substitution of the latter for the
former—and with regulation presumably acting as a driving force.186

Figure I-26. Major capacity expansions in the Swedish PPI since 1999
versus industry trends in the use of high-emission fuels
Source: Author’s illustration based on data from Statistics Sweden (MONA) and the Nordic
Paper & Pulp Makers' Directory.

Environmental Process Innovation & Innovation Offsets: Change in Energy Efficiency
Figure I-27 plots the above capacity expansions against industry trends in energy
efficiency. Net use of fuels and thermal energy, as well as net electricity use (both
per ton output) declined during five out of seven capacity expansion periods. As
a result, total energy efficiency, too, improved during the majority of expansion
periods (four out of seven). Moreover, on-site electricity production per ton

Increases in the purchase price for fuel oils and coal during these expansion periods may
also have played a role (see Table A- I-3 and Table A- I-5 in the Appendix). With regard to
coal, it has to be noted, however, that this fuel was cheapest during six out of seven capacity
expansion periods (cf. Figure A- I-1 in the Appendix). This indicates that while prices may have
mattered to a certain degree, the influence of regulation cannot be denied. In addition, capacity
reductions in, or the entire closure of, older and inefficient plants (most likely using dirty fuels
for combustion processes) can be a possible reason for declines in the specific use of dirty
fossil fuels.
186
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output improved during four out of seven capacity expansion periods (see also
Table A- I-6).

Figure I-27. Major capacity expansions in the Swedish PPI since 1999
versus industry trends in energy efficiency
Source: Author’s illustration based on data from Swedish Forest Industries and the Nordic
Paper & Pulp Makers' Directory.

Under the realistic assumption that energy efficiency improvement measures
implemented in the context of capacity expansions may take some time to
materialize, the evidence is still clearer: Total energy efficiency improved during
six out of seven capacity expansion periods, driven by reductions in net use of
fuels and thermal energy and net electricity (both per ton output). All in all, this
suggests a positive impact of environmental regulation on the industry’s energy
efficiency in the context of capacity expansion approvals.187

Again, increases in the purchase price of fuels and electricity may to some extent also have
influenced the improvements in energy efficiency (cf. Table A- I-5 and Figure A- I-1 in the
Appendix).
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6.2.6

Hypotheses on the Performance Effects of CAC
Regulation via Capacity Expansion

The above descriptive evidence regarding the link between Swedish CAC
regulation and environmental innovation, as well as innovation offsets, in the
PPI can be summarized in three hypotheses:

H1: Stringent and well-designed CAC regulations in the form of flexible performance

standards, which are imposed in the context of approving production capacity expansions, have
a positive effect on Swedish pulp and paper plants’ CO2, SO2 and NOx intensities by inducing
environmental process innovation. This effect can be dynamic, that is, it can take some time to
materialize.

H2: Stringent and well-designed CAC regulations in the form of flexible performance

standards, which are imposed in the context of approving production capacity expansions, induce
clean biofuel-based technology adoption at Swedish pulp and paper plants. This effect can be
dynamic, that is, it can take some time to materialize.

H3: Stringent and well-designed CAC regulations in the form of flexible performance

standards, which are imposed in the context of approving production capacity expansions, induce
innovation offsets at Swedish pulp and paper plants via energy efficiency improvements. This
effect can be dynamic, that is, it can take some time to materialize.

6.3 Some Critical Remarks on Swedish CAC
Regulation
The positive aspects of Swedish environmental regulation notwithstanding, to
obtain an objective picture, a critical discussion is warranted. I restrict that
discussion to Swedish CAC regulation, which is not free from flaws. As learned
above, the Swedish CAC regulatory approach is overall fairly centralized and
flexible. It has been argued that this ensures regulatory stringency and efficiency,
contributing to a successful combination of deep emission reductions and
productive efficiency gains in Swedish polluting industries (Bergquist, Söderholm
et al. 2013). At the same time, there are at least two potential drawbacks
associated with this system.188 One relates to the flexible regulatory interpretation
of BAT, and here in particular of the principle of economic feasibility. While this
principle, on the one hand, can be efficiency-enhancing (namely if large plants,
all else equal, face tougher standards than smaller plants), it might on the other
hand also entail a regulatory bias: It could trigger a discriminatory treatment of
plants with otherwise similar characteristics (e.g. regarding size and production
Another drawback is mentioned by Bergquist, Söderholm et al. (2013), namely that
Swedish CAC regulation, has traditionally been a closed system with limited public
involvement (e.g. in the form of public consultations and hearings).
188
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process) due to local economic considerations. For example, one could
conjecture that plants with a large importance as local employer may face more
lenient standards than those that matter less for the local economy. While this
regulatory behavior may be justified in the short run, where maintaining
economic stability through the preservation of local jobs is an essential societal
goal, it can nevertheless be detrimental for dynamic efficiency, that is, medium
and long-term decoupled growth through productivity-enhancing clean
technology innovation.
The potential for regulatory bias and efficiency losses could be further
exacerbated by the fact the Swedish CAC system also involves extensive
decentralized elements (Lönnroth 2010, Mazur 2011). The efficiency risks due to
decentralization have been discussed by the literature (Oates and Schwab 1988,
Oates 1999, Oates 2002), and constitute a second conceivable drawback of
Swedish CAC regulation. While the regional environmental courts are
responsible for the licensing process of A-plants, the operative enforcement and
inspection work, as stipulated in Chapter 26, 3 § in the Environmental Code, is
conducted at the regional-district level by the County Administrative Boards
(CABs) and local Environmental and Public Health Committees (EPHCs) in the
municipalities (OECD 2007).189 These bodies—of which the former is a Swedish
government agency and the latter a political assembly elected by the municipal
residents—also independently define environmental standards for their counties
or municipalities, using sixteen national environmental quality objectives as
guideline.190 In practice, the decentralized part of Swedish CAC regulation may
reinforce, at the local level, the discriminatory treatment of plants with otherwise
similar characteristics in the context of interpreting the BAT-principle not only
of economic feasibility but also of proportionality. In the empirical analyses of
Parts 2 and 4, I examine the potential for loss of efficiency through decentralized
regulatory bias. Decentralized regulatory bias can, to some extent, be regarded as
an example of flawed coordination between different regulatory levels and
should hence be detrimental to stimulating innovation and innovation offsets at
regulated firms.191

The Swedish EPA is also involved in the operative enforcement (Swedish Code of Statutes
1998a).
190
Cf.
http://www.naturvardsverket.se/Miljoarbete-i-samhallet/Sverigesmiljomal/Miljokvalitetsmalen/
and
http://www.skl.se/vi_arbetar_med/tillvaxt_och_samhallsbyggnad/miljo/miljomal/lankar_till_ko
mmunernas_miljomal)
191 Recall from Section 3.1 that Porter mentioned an effective coordination between different
levels of government as an important precondition for inducing innovation and innovation
offsets at regulated firms.
189
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7 Summary and Contributions of the Articles
The remainder of this thesis consists of four empirical articles found in Parts 2
to 5. Parts 2 to 4 contribute to the literature on ‘win-win’ environmental policy,
which has its roots in the Porter Hypothesis. Chapter 5 provides empirical insight
into the nature and scope of localized knowledge spillovers by testing the local
export spillover hypothesis.

PART 2: Regulatory Design, Environmental
Innovation, and Plant Productivity
The main purpose of this single-authored article is to provide an empirical
verification of the Porter Hypothesis (Porter and van der Linde 1995a), which
posits a positive relationship between environmental regulations, environmental
quality, and economic benefits for the regulated firm. To achieve this ‘double
dividend,’ Porter argues, regulations have to be well-designed (see Section 3.1)..
My empirical test of the PH is based on plant-level data on the Swedish PPI
for the period 1999-2011. Swedish environmental regulation of polluting
industries such as the PPI constitutes an interesting study case because Porter
himself has praised the Swedish regulatory approach for being conducive to
accomplishing a double dividend of improved environmental quality and
industry performance (Porter and Van der Linde 1995b).192
Against this backdrop, one of my contributions with this paper is to provide
evidence of whether recent environmental policy in a country that appears to
fulfill Porters’ claims regarding well-designed regulations has indeed managed to
simultaneously enhance a polluting industry’s environmental and economic
performance. Empirical studies involving countries with such well-crafted
regulations is scarce, which may be one explanation for why the empirical
evidence in favor of the PH is at best mixed. The availability of panel data allows
me to make a second major contribution to the literature, namely, to test the
PH’s dynamic nature. As mentioned in Section 3.1, Porter stresses the role of
regulation as a transitional buffer that allows firms to get used to new
environmental technologies via ‘learning-by-doing’ (Jaffe, Newell et al. 2005),
which ultimately reduces costs and increases innovation offsets. I moreover
contribute to the environmental policy effectiveness literature in analyzing the
ability of CAC regulation and economic incentive instruments to induce static

For more details on Swedish environmental regulation of polluting industries, see again
Section 6.
192
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and dynamic efficiency improvements at regulated plants.193 Further
contributions to the literature are found in Part 2.
My econometric tests yield evidence in favor of the PH. Swedish
environmental regulation, on the one hand, has been able to improve on plants’
environmental performance. On the other, I find indications that it has induced
innovation offsets as well, measured by plant TFP growth and change in plants’
energy efficiency (notably fuel and thermal energy efficiency). This applies in
particular to CAC regulation, and to some extent also to regulation via economic
incentive instruments. I also find that regulation induced the adoption of clean
biofuel-based technologies, which yields innovation offsets through cost savings
(due to cheaper biofuels relative to fossil fuels) alongside emission reductions
(e.g. no fossil CO2 and low sulfur emissions). The innovation offsets, and here
in particular those induced by CAC regulation, tend to materialize with a oneyear delay. This can be interpreted as evidence of the PH’s dynamic nature, and
may be fuelled by Swedish regulators’ use of flexible time strategies (e.g. extended
compliance and probation periods).

PART 3: Well-designed Environmental Regulation,
Innovation and Firm Performance
This single-authored paper is related to the previous one in that its core purpose,
too, is to shed empirical light on the PH’s dynamic nature. The PH’s postulation
is that environmental regulation, if properly crafted, induces environmental
innovation at the regulated firms which, in turn, may generate innovation offsets
beyond net compliance costs. This process is dynamic given that it can take some
time until innovations are developed or adopted and, based on that, innovation
offsets can be reaped. I argued that it can be facilitated through uncertaintyreducing policies, for example, in the form of regulatory time strategies. Using a
cross section of Swedish chemical and pulp and paper firms, this article
empirically tests the alleged effectiveness of such time strategies.194 More
precisely, it examines the effectiveness of announced or non-coercive regulation
relative to existing or coercive regulation in stimulating innovation at regulated
firms (Similä 2002). The innovation types examined include not only
technological innovation in the form of new products and processes but also
organizational innovation; an increasingly important complementary asset for
firms’ technological innovations (Rave, Goetzke et al. 2011). Empirical tests
regarding the effect of modern regulatory design features such as time strategies

As seen in Section 2, economic incentive instruments are often considered more effective
in improving static and dynamic efficiency (particularly with regard to incremental innovation).
194 Strictly speaking, I combine cross-section data with survey data on firms’ activities in the
field of environmental innovation (see Part 3). The latter data are based on ‘dynamic’ survey
questions spanning a three-year period (2006 to 2008).
193
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on firm innovation and performance is scarce. This paper contributes to filling
the literature gap in that field.
The empirical findings suggest that regulatory time strategies in the form of
announced regulation are more effective in inducing technological and
organizational innovation than existing regulation, which seems to cripple firms’
innovation activities, probably directing their attention to unproductive end-ofpipe measures rather than internal process modifications that both enhance
productivity and cut pollution at an early stage. Also, innovation is associated
with high upfront costs requiring a certain payback period until they materialize.
This can put a strain on current operating performance. Indeed, I do not find
empirical support to Porter’s notion that environmental regulation (existing or
announced) stimulates firms’ operating performance (via innovation offsets).
This can be explained by the fact that I test the immediate effect of regulation on
performance. As discussed, the PH is dynamic in nature, that is, it may take time
until firms can reap innovation offsets (e.g. through ‘learning-by-doing,’ or after
an investment’s payback period). Nevertheless, I find some evidence for
regulation-induced innovation offsets.

PART 4: Decentralized Regulation and
Environmentally-sensitive Productivity
Growth
This paper contributes to the still-young empirical literature on a recast version
of the PH (Managi, Opaluch et al. 2005).195 This literature harnesses nonparametric methods, and their methodological advantages relative to pure
econometric techniques involving fixed functional forms. A major benefit of
non-parametric approaches is their ability to model multi-output technologies.
When modeling the activities of polluting firms, this implies that firms’
‘undesirable’ or ‘bad’ outputs (e.g. air and water emissions) can be included in the
production technology. This makes sense from a productivity perspective
because polluting firms often allocate substantial productive resources to reduce
bad outputs without being compensated for these measures on the output side—
because conventional productivity measures only consider ‘good’ (i.e.
conventional) output, alongside conventional inputs. Thus, standard TFP
indexes tend to underestimate firms’ TFP growth since they do not consider the
fact that pollution abatement has led to positive effects on the output side in the
form of reduced bad output. This bias is eliminated by so-called environmentallyadjusted performance measures (Chung, Färe et al. 1997).196 A non-parametric
approach typically applied in that context is data envelopment analysis (DEA) in
The article is co-authored by Vivek Ghosal and Andreas Stephan.
Throughout the thesis I use the terms ‘environmentally-adjusted,’ ‘environmentallysensitive’ and ’green’ synonymously.
195
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connection with a so-called directional distance function (DDF).197 Based on the
underlying multi-output technology, DEA constructs a technology frontier
consisting of the best-performing firms in the sample. Lower-performing firms
are clustered below the frontier.
With regard to the PH, a second key argument in favor of non-parametric
methods such as DEA is that they allow for potential ‘win-win’ or ‘double
dividend’ effects from regulation; the PH’s key message. This is because of the
fact that firms are allowed be below the production possibility frontier; a
departure from the neoclassical assumption of profit-maximizing firms in line
with the PH’s postulations. The above ‘Porter effects’ can hence be achieved via
an increased static efficiency (i.e. firms’ catching up to the frontier). In a dynamic
DEA setting, Porter effects can moreover materialize through an enhanced
dynamic efficiency (i.e. shift of the frontier via technology development).198
Hence, the DEA-DDF approach is appealing to gain improved insight into the
effect of environmental regulation on firm performance.
One way of analyzing that link is to regress the environmentally-adjusted
performance variable, obtained using the DEA-DDF approach, on proxy
variables for environmental regulation. Those regulatory proxies are examples of
so-called uncontrollable variables: explanatory variables that are assumed to
affect the environmentally-adjusted performance measure while being beyond
the manager’s control. Referred to as a two-stage model, this approach has
certain advantages over other techniques (Yang and Pollitt 2009). It is the
approach chosen in the empirical analysis of this paper.
Our empirical application are the most pollution-intensive Swedish pulp and
paper plants (‘A-Plants’), which we observe during 1999-2013. The two-stage
model involves, in a first step, the use of the DEA-DDF approach to calculate
environmentally-adjusted TFP growth for these plants, including air and water
pollutants.199 We compute our green TFP growth measure employing the
recently developed sequential Malmquist-Luenberger (SML) productivity index
(Oh and Heshmati 2010). The second stage of our modeling approach involves
using the environmentally sensitive TFP measure as dependent variable in a
parametric regression model built to explain to what extent the variation in
plants’ environmentally sensitive TFP growth is explained by environmental
regulation.
Our empirical contribution regarding the recast PH is twofold. First, we test
the impact of regulatory stringency on environmentally-adjusted TFP growth,
adding to the scarce empirical literature in that field. Second, we aim to
empirically verify Porter’s argument that environmental regulation should be
See (Chung, Färe et al. 1997).
See Chung, Färe et al. (1997), Marklund (2003), and Brännlund and Lundgren (2009).
199 As robustness check, we moreover compute an environmentally-adjusted TFP index using
bad outputs as inputs. Our benchmark TFP index is a standard Malmquist TFP index. A
comprehensive literature review of non-parametric energy and environmental modeling
approaches is provided by Zhang and Choi (2014).
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coordinated (industry-industry, regulator-industry, regulator-regulator) to
increase the odds that a ‘double dividend’ in the form of simultaneous
environmental and economic benefits will occur. In this paper, our empirical
interest is in (i) regulator-regulator coordination; and (ii) industry-industry
coordination.200 To our knowledge, there is so far virtually no empirical study
analyzing this second issue in the context of the PH.
Regarding the issue of policy coordination at the regulator-regulator level, we
focus on the challenges of coordinating environmental policy in decentralized
systems of environmental governance. There, medium to long-term dynamic
efficiency and ‘win-win’ goals of national environmental legislation need to be
aligned with goals pursued by more decentralized (regional, local) levels of
government—which might be more of a short-term nature and at odds with the
longer-term dynamic national objectives. This conjecture has been confirmed by
recent literature findings suggesting that decentralized environmental governance
may lead to regulatory bias and efficiency losses (Oates and Schwab 1988, Oates
1999, Oates 2002). Sjöberg (2012), for example, reports anecdotal evidence of
political pressure on environmental inspectors in Swedish municipalities for the
purpose of appearing more business friendly.
We test this notion empirically for Swedish CAC regulation, where
decentralized elements are indeed present (OECD 2007, Lönnroth 2010, Mazur
2011).201 Our point of departure is the flexible regulatory interpretation of BAT,
in particular with regard to the principle of economic feasibility. I argued in
Section 6.3 that this flexible approach might lead to a discriminatory treatment
of plants with otherwise similar characteristics.202 I moreover argued that this
unequal treatment might be exacerbated by the decentralized setup of Swedish
CAC regulation, not only with regard to the principle of economic feasibility but
also to that of proportionality—ultimately entailing losses both in economic and
environmental efficiency. In this paper, we analyze this conjecture for the case
of decentralized Swedish CAC regulation. With regard to the PH’s key message,
we expect decentralized regulatory bias—which can be interpreted as flawed
coordination between different regulatory levels—to be detrimental to inducing
innovation and innovation offsets at regulated firms.
As for the aspect of industry-industry coordination, we draw on the findings
from Section 6.2.4. There, I outlined the somewhat unique Swedish policy style
or rather ‘informal rules of the game’ (North 1990)—which are characterized by
long-term thinking, willingness to cooperate, trust, and consensus-building
between the regulatory authorities and polluting firms (Bergquist, Söderholm et
al. 2013). Descriptive evidence suggests that the PPI has benefited from this
We assume that industry-industry coordination is triggered by a regulatory stimulus—
hence implying regulator-industry coordination as well.
201 See also Section 6.3.
202 For example, it can be conjectured that plants that have an important function as local
employer may be subject to more lenient regulation relative to those with a lower significance
for the local economy.
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favorable institutional setup throughout the years by being able to engage in longstanding regulator-firm and firm-firm collaboration, which targeted the
stimulation of process-integrated technological change and the diffusion of new
technologies in the industry, respectively (Bergquist and Söderholm 2010,
Bergquist, Söderholm et al. 2013).203 Our paper aims to empirically test this
notion. We conjecture that effective industry-industry coordination triggers
knowledge spillovers which, in turn, should be conducive to promoting
innovation and innovation offsets at regulated firms.
Our empirical results lend some support to our conjecture that regulatory
stringency positively affects pulp and paper plants’ environmentally-adjusted
TFP growth and its components (efficiency change and technical change),
respectively. In particular, we find that Swedish regulation has induced
environmentally-adjusted technical change at sulfate plants, which suggests that
the authorities have been be able to stimulate sulfate plants to develop new
pollution control technologies to reduce their comparatively large environmental
footprint. This provides evidence of a recast PH. We moreover find a negative
effect of regulation on plants’ conventional TFP growth, which provides
evidence against the original PH. Also, we find that decentralized Swedish CAC
regulation has a tendency for regulatory bias, entailing a politically motivated
discriminatory treatment of plants with otherwise equal characteristics, which
suggests a coordination failure of Sweden’s decentralized regulatory system. By
contrast, we find inconclusive evidence regarding the PH’s postulation that
(regulation-induced) intra-industry coordination is beneficial for innovation and
innovation offsets.

PART 5: External Trade and Internal Geography:
Local Export Spillovers by Industry
Characteristics and Firm Size
This article tests the empirical relevance of the local export spillover hypothesis,
which posits that the local presence of exporting firms reduces export entry costs
for non-exporters, thereby increasing the probability that they become exporters
themselves (Aitken, Hanson et al. 1997).204 Previous findings suggests that this
statement holds in particular when a potential exporter faces a significant local
presence of firms within the same industry (Aghion, Dewatripont et al. 1997,
Kokko, Zejan et al. 2001, Kneller and Pisu 2007, Greenaway and Kneller 2008).
These results are related to findings from more remote streams within the
regional science literature, which argue that knowledge spillovers between
The Program for Energy Efficiency (PFE), outlined in Section 6.1, is another example in that
context.
204 The paper is co-authored by Martin Andersson. It is published in Spatial Economic Analysis,
7:4, 421-446.
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economic agents are fuelled by agents’ geographical proximity, in combination
with social proximity (Granovetter 1973, Scott 1988, Saxenian 1994, Agarwal,
Cockburn et al. 2006) and cognitive proximity. The latter implies that an effective
knowledge transfer requires a similar knowledge base between knowledge source
and recipient (Cohen and Levinthal 1990, Rosenthal and Strange 2004, Boschma
2005, Frenken, van Oort et al. 2007, Boschma and Iammarino 2009). The above
findings are relevant for our purposes since we conjecture that the key
transmission channel of local export spillovers are informal flows of exportrelated knowledge and information. Against this backdrop our aim is to test the
export spillover hypothesis at the region-industry level.
Another important issue is to gauge at which level of spatial aggregation those
spillover effects may unfold. We opt for the Swedish functional labor market area
(LMA) as geographical delimitation. LMAs are a time-varying integrated housing
and working areas within which commuting is common; they are adaptions to
existing administrative demarcations such as municipalities and counties
(Statistics Sweden 2013). We conjecture that the LMA-level is superior to other
regional delimitations in capturing the potential for export spillovers at the
industry-region level, not only due to the fact that it reflects geographical
proximity. Another reason is that it might maximize social proximity or rather
the potential for social interaction—by virtue of the commuting patterns on
which LMAs are constructed. Agarwal, Cockburn et al. (2006), for instance, has
shown that once social relationships are established at the local level, working
individuals tend to maintain these relationships even after becoming
geographically separated, for example due to a new employment outside the
municipality. This in turn facilitates the exchange of knowledge. Under the
assumption that laborers tend to stay within the region—that is the LMA—when
changing jobs, one can indeed argue that using the LMA as regional delimitation
is reasonable for the purpose of measuring local export spillovers. The alleged
reinforcing role of social proximity in that context confirms the valuable function
of informal institutions, that is, the informal ‘rules of the game’ (North 1990).
Using panel data on Swedish manufacturing firms, we find support for the
local export spillover conjecture; firms located in regions with a stronger
presence of exporters in the same industry are more likely to become exporters.
We also find that local export spillovers matter more in contract-intensive
industries. In these sectors, knowledge of foreign markets regarding negotiation
practices, contract enforcement and informal as well as formal institutions are
most likely more important, and it is such knowledge that can be expected to
spill over to non-exporting firms in the local area. Moreover, we find some
support for the view that small firms are particular beneficiaries of local export
spillovers
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Appendix
Table A- I-1. Major capacity expansions in the Swedish PPI versus
industry-wide reductions in air emissions, 1999-2011
Capacity
expansion
1
1999-00
2
2000-01
3
2001-02
4
2002-03
5
2004-05
6
2006-07
7
2009-10
TOTAL

↓∆CO2/Yt
x
x
x
3/7

Decoupled growth: reductions in air emission intensities
↓∆CO2/Yt+1
↓∆SO2/Yt
↓∆SO2/Yt+1
↓∆NOx/Yt
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
X
X
5/7
6/7
6/7
6/7

↓∆NOx/Yt+1
x
x
x
x
x
5/7

Source: Author’s illustration based on data from Swedish Forest Industries and the Nordic Paper & Pulp Makers'
Directory.
Note: The t subscript indicates the effect of a capacity expansion in year t on improvements in air emission intensities
in the same year. The t+1 subscript indicates the effect of a capacity expansion in year t on improvements in air emission
intensities in the following year. A cell containing an x indicates that a capacity expansion was positively associated with
a reduction in air emission intensities. An empty cell indicates that this was not the case.

Table A- I-2. Major capacity expansions in the Swedish PPI versus
industry-wide growth in the use of low-emission fuels, 1999-2011
Capacity
expansion
1
2
3
4
5
6
7

1999-00
2000-01
2001-02
2002-03
2004-05
2006-07
2009-10
TOTAL

↑∆Biofu/Yt
x
x
x
x
4/7

Increases in the specific use of low-emission fuels
↑∆Biofu
↑∆LPG/Yt
↑∆LPG/Yt+1
↑∆NGas/Yt
/Yt+1
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
3/7
7/7
4/7
2/7

↑∆NGas
/Yt+1
x

1/7

Source: Author’s illustration based on data from Swedish Forest Industries, Statistics Sweden (MONA) and the Nordic
Paper & Pulp Makers' Directory.
Note: The t subscript indicates the effect of a capacity expansion in year t on increases in the use of low-emission fuels
in the same year. The t+1 subscript indicates the effect of a capacity expansion in year t on increases in the use of lowemission fuels in the following year. A cell containing an x indicates that a capacity expansion was positively associated
with an increase in the use of low-emission fuels. An empty cell indicates that this was not the case.
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19961997199819992000200120022003200420052006200720081997
1998
1999
2000
2001
2002
2003
2004
2005
2006
2007
2008
2009
Overall environmental innovation and performance: change in air emission intensity and total output (%)
-34.23
-3.85
-16.31
13.00
-8.25
0.27
10.83
-11.53
-11.26
-5.69
-16.90
-14.11
-11.15
-14.41
-20.19
-8.59
-5.97
-6.99
-6.51
4.26
-11.32
-7.85
-10.24
-8.72
-8.35
-3.36
-6.45
-7.83
-0.09
-8.63
5.79
-0.70
-1.39
-5.87
-2.91
0.70
-0.81
-3.87
4.32
8.82
1.42
1.90
6.68
-3.04
2.28
2.48
3.77
0.65
2.57
-1.12
-1.70
-6.06
Clean technology innovation: change in specific biofuel and fossil fuel consumption (%)
-2.52
-1.90
-0.76
7.64
-1.00
3.64
-1.91
-3.53
3.81
0.30
2.39
1.26
4.89
-14.79
-8.97
-2.46
-23.47
9.94
-5.68
9.96
-12.92
-9.92
-7.52
-17.47
-21.60
-7.67
-49.58
-32.26
32.96
23.50
-16.52
35.84
56.60
-9.05
-3.17
-48.96
-8.79
-12.49
-18.74
-4.01
-8.71
-11.66
34.97
-18.95
12.64
-29.15
-7.73
53.20
2.53
-21.04
1.15
-2.09
10.55
-6.29
-18.18
-5.22
-17.49
3.77
-18.83
67.90
31.60
2.03
3.20
7.70
-4.37
12.50
-2.75
0.83
10.36
-1.91
-4.77
42.46
-3.12
-39.03
63.50
-38.74
-16.33
-4.61
-28.68
-1.84
-20.33

-1.55
4.74
-30.77
-7.55
1.88
1.74
-32.73

1.09
-7.80
-2.54
3.83

20092010

-0.54
-5.52
-54.52
-3.66
-16.31
-1.11
22.09

-15.01
-6.95
-2.68
-1.02

20102011

Source: Swedish Forest Industries, Statistics Sweden (MONA) and the Swedish Energy Agency.
Note: Purchase price changes for 2009-11 are approximations using real energy prices for the industry in Sweden including energy taxes. Wood fuel price changes for
1996-1998 and 2008-2011 exclude energy tax on crude pine oil (as opposed to the period 1998-2008).

∆Biofuel/Y
∆Foss/Y
∆Coal/Y
∆Gasoil/Y
∆Fueloils/Y
∆LPG/Y
∆NatGas/Y

∆CO2/Y
∆SO2/Y
∆NOx/Y
∆Output (Y)
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16.08
10.99

3.56
-32.95
-23.86

9.18

-10.15

-1.01
0.46
-6.51

-3.91
-4.99
-5.04

19961997

19981999

1999200020012002200320042005200620072000
2001
2002
2003
2004
2005
2006
2007
2008
Environmental process innovation & innovation offsets: change in efficiency (%)
-1.89
3.98
-2.66
-0.71
2.17
-1.59
-4.16
1.98
-1.17
0.35
-0.96
-3.23
5.33
-3.07
-0.71
3.64
-0.81
-4.73
1.62
-0.69
-0.64
-0.50
-3.20
-1.06
2.31
0.40
2.33
-0.38
-4.87
2.02
-0.60
0.26
-0.76
-24.18
-2.21
-0.78
0.67
-1.51
9.48
-3.34
11.18
-15.96
1.56
0.66
-1.59
-0.72
-1.54
-3.67
-2.62
2.97
-2.45
3.01
-2.14
1.90
1.83
2.11
-3.13
-2.80
-5.69
-1.10
2.83
-3.56
1.18
-4.22
2.50
-4.32
-10.78
2.25
8.05
-11.80
13.39
-0.76
3.17
13.55
5.73
19.65
1.30
4.00
-36.17
238.16
-54.63
0.01
51.51
22.09
-2.60
-5.47
-13.71
-3.10
1.55
-3.63
-10.88
1.66
-2.13
1.32
0.39
Change in purchase price of fuels (SEK/MWh, including taxes) in the Swedish P&P industry, 1998-2008 (%)
-3.29
-25.11
-11.16
8.29
85.95
-1.38
-18.44
78.91
-34.24
1.35
26.44
-2.48
34.77
13.93
-3.22
7.77
6.59
32.59
11.97
-3.61
21.21
1.43
-9.11
9.81
8.58
-44.77
69.94
71.44
0.92
-9.48
1.02
4.71
-13.16
-2.76
39.22
-3.86
8.03
9.63
-5.65
22.49
17.80
-3.12
28.29
-9.40
-2.30
33.44
8.29
3.16
7.30
4.55
35.43
14.67
-6.13
18.05
-23.08
94.01
3.28
-18.46
11.92
13.08
32.30
-2.25
-1.85
21.13
7.86
0.63
-17.17
142.21
-31.10
3.90
10.13
7.47
13.60
34.89
39.70
-8.31
1.32
-8.75
4.10
-1.23
13.34
13.17
5.30
36.10
-10.17
15.51
Change in environmental investments related to air and water pollution abatement per ton output (%)
-45.98
-13.87
129.34
42.95
-7.73
-57.14
35.01

19971998

-19.42

-15.25
6.67

18.82
-16.40
-5.26
-20.17
-16.40

3.11
4.04
4.01
1.57
0.66
2.03
-7.92
33.14
2.39

20082009

-21.80

-1.00
7.12

10.01
16.42
0.27
15.29
16.42

-0.72
-0.30
-1.16
-4.88
-1.85
-2.65
10.47
19.00
-4.64

20092010

102.06

15.41
2.25

-3.05
27.58
5.26
23.79
27.58

-0.77
-1.04
-0.87
-6.59
-0.01
1.18
-4.27
-11.66
1.64

20102011

Source: Swedish Forest Industries, Statistics Sweden (MONA) and the Swedish Energy Agency.
Note: Purchase price changes for 2009-11 are approximations using real energy prices for the industry in Sweden including energy taxes. Wood fuel price changes for 1996-1998 and 2008-2011
exclude energy tax on crude pine oil (as opposed to the period 1998-2008).

∆PACE/Y (air)

∆Wood fuels
∆Fossil fuels
∆Coal
∆Gasoil
∆Fueloils
∆LPG
∆NatGas
∆Electricity

∆Energy/Y
∆FuThEgy/Y
∆Fuel/Y
∆SoldThEgy/Y
∆NetEl/Y
∆PuEl/Y
∆OnsiteEl/Y
∆SoldEl/Y
∆ProWa/Y
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Table A- I-4. Major capacity expansions in the Swedish PPI versus
industry-wide reductions in the use of high-emission fuels, 1999-2011

1
2
3
4
5
6
7

Capacity
expansion
1999-2000
2000-2001
2001-2002
2002-2003
2004-2005
2006-2007
2009-2010
TOTAL

↓∆Fueloils/Yt
x
x
X
X
4/7

Reductions in the specific use of high-emission fuels
↓∆Fueloils/Yt
↓∆Coal/Yt
↓∆Coal/Yt+1
x
x
x
x
x
x
x
x
x
x
x
x
4/7
4/7
4/7

Source: Author’s illustration based on data from Statistics Sweden (MONA) and the Nordic Paper & Pulp Makers'
Directory.
Note: The t subscript indicates the effect of a capacity expansion in year t on drops in the use of high-emission fuels
in the same year. The t+1 subscript indicates the effect of a capacity expansion in year t on drops in the use of highemission fuels in the following year. A cell containing an x indicates that a capacity expansion was positively associated
with a reduction in the use of high-emission fuels. An empty cell indicates that this was not the case.

Table A- I-5. Major capacity expansions in the Swedish PPI versus
increases in the purchase price of fuels, 1998-2008
Cap.
expansion
99-00
00-01
01-02
02-03
04-05
06-07
09-10
Total

↑∆Coalt
x
x
x
x
x
5/7

Increases in the purchase price of fuels (incl. taxes) for the Swedish P&P industry
↑∆Coal
↑∆elec
↑∆fuel↑∆fuel↑LPGt
↑LPGt+1
↑∆elect
↑∆gast
oilt
oilt+1
t+1
t+1
x
X
x
x
x
x
X
x
x
x
x
x
x
x
x
x
x
x
x
X
x
x
x
x
x
x
X
x
x
x
x
x
x
x
x
x
x
x
4/7
4/7
4/7
4/7
5/7
5/7
6/7
4/7

↑∆gast+1
x
x
x
x
x
5/7

Source: Author’s illustration based on data from Statistics Sweden (MONA) and the Nordic Paper & Pulp Makers' Directory
Note: The t subscript indicates the relationship between a capacity expansion in year t and increases in the purchase price of fuels in
the same year. The t+1 subscript indicates the relationship between a capacity expansion in year t and increases in the purchase price
of fuels in the following year. A cell containing an x indicates that a capacity expansion was positively associated with an increase in the
purchase price of fuels. An empty cell indicates that this was not the case
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Figure A- I-1. Major capacity expansions in the Swedish PPI versus fuel
price trends, 1998-2008
Source: Author’s illustration based on data from Statistics Sweden (MONA) and the Nordic Paper & Pulp
Makers' Directory.

Table A- I-6. Production capacity expansions in the PPI and
improvements in energy efficiency, 1999-2011
CAPACITY
EXPANSION
1
2
3
4
5
6
7

99-00
00-01
01-02
02-03
04-05
06-07
09-10
TOTAL

↓∆FuThE/
Yt
x
x
x
x
x
5/7

↓∆FuThE/
Yt+1
x
x
x
x
x
x
6/7

IMPROVEMENTS IN ENERGY EFFICIENCY
↓∆NetEl/
↓∆NetEl/
↓∆ToEgy/
↓∆ToEgy/
Yt
Yt+1
Yt
Yt+1
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
5/7
7/7
4/7
6/7

↑∆OnsiteEl/
Yt
x
x
x
x
4/7

↑∆OnsiteEl/
Yt+1
x
x
x
x
x
5/7

Source: Author’s illustration based on data from Swedish Forest Industries and the Nordic Paper & Pulp Makers' Directory.
Note: The t subscript indicates the effect of a capacity expansion in year t on improvements in energy efficiency in the same year. The t+1
subscript indicates the effect of a capacity expansion in year t on improvements in energy efficiency in the following year. A cell containing
an x indicates that a capacity expansion was positively associated with an improvement in energy efficiency. An empty cell indicates that
this was not the case.
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REGULATORY DESIGN,
ENVIRONMENTAL INNOVATION,
AND PLANT PRODUCTIVITY
Tracing ‘Low-hanging Fruits’
in the Swedish Pulp and Paper Industry
Jan F. Weiss
ABSTRACT
This paper aims to empirically analyze the Porter Hypothesis (PH). The PH
posits that well-designed environmental regulations induce eco-innovations at
polluting firms that improve both their environmental and business performance
via ‘innovation offsets.’ I conduct an econometric test of this proposition for
Sweden, using the Swedish pulp and paper plants as empirical application.
Swedish environmental regulation of polluting industries provides an interesting
case because it has been praised, due to containing elements of a ‘well-designed’
regulation, for being conducive to accomplishing the ‘win-win’ situation of
mutual environmental and economic benefits. The empirical results indicate that
regulation has stimulated plants’ eco-innovation activities which, in turn, has
improved their environmental performance. I moreover find evidence of
regulation-induced innovation offsets in the form of clean technology adoption,
improvements in energy and process water efficiency as well as total factor
productivity (TFP) growth at these plants.
JEL classification: D24; L51; L60; Q52; Q53; Q58
Keywords: Environmental regulation, command-and-control, performance
standards, economic instruments, air emissions, pollution intensity, clean
technologies, energy efficiency, Porter Hypothesis, innovation offsets, win-win,
double dividend.
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Regulatory Design, Environmental
Innovation, and Plant Productivity
Tracing ‘Low-hanging Fruits’
in the Swedish Pulp and Paper Industry
Jan F. Weiss

1 Introduction
Swedish environmental regulation of polluting industries has been praised for its
ability to reconcile dual objectives of environmental protection goals with the
maintenance of polluting industries’ innovative capabilities and competitiveness.
It has been labeled a role model for creating ‘innovation offsets’ for regulated
firms, by inducing the development and adoption of clean production
technologies. Such technologies have the advantage that they, on top of being
environmentally benign, can yield productivity benefits for the polluting firm. As
a result, a ‘win-win’ situation of simultaneous improvements in environmental
quality and business performance can be accomplished (Porter and van der Linde
1995a, Porter and Van der Linde 1995b, Lindmark and Bergquist 2008, Bergquist
and Söderholm 2010, Bergquist, Söderholm et al. 2013).
The key to Swedish policy effectiveness, it is argued, is that regulations are
not only stringent but also ‘well-designed.’ In Part 1 of this thesis, I discussed
crucial elements of well-crafted environmental regulations in a general as well as
in a specific Swedish context.205 Well-designed regulatory properties include
stringency (e.g. exert pressure, improve environmental awareness, set clear goals),
uncertainty avoidance and predictability (e.g. via phase-in and probation periods),
flexibility (i.e. performance standards instead of technology prescription, use of
economic incentive instruments), and coordination (regulator-industry;
regulator-regulator). These regulatory features have its roots in the so-called

205

See Sections 3 and 6 of the introductory thesis part.
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Porter Hypothesis (Porter and van der Linde 1995a).206 Based on case-study
evidence from polluting firms, Porter argued that incorporating such elements in
the environmental policy portfolio can create a ‘win-win’ situation of
simultaneous environmental and economic benefits. This is because these
properties not only contribute to enhancing firms’ dynamic efficiency (i.e.
development and adoption of environmental technologies). They can moreover
induce them to pick those technologies that have the potential of simultaneously
improving their environmental and productive efficiency (Porter and van der
Linde 1995a).207
This paper aims to empirically verify the existence of ‘win-win’ environmental
policy posited by the Porter Hypothesis (PH), and its particular relevance for
Sweden, respectively. Its empirical application is the Swedish pulp and paper
industry (PPI)—or rather the population of the most pollution-intensive Swedish
pulp and paper plants, which are observed during the period 1999-2011.
Moreover, to limit the scope of the study, and to achieve greater clarity in the
empirical investigation, I focus on environmental process innovation and
environmental performance with regard to the air pollutants carbon dioxide
(CO2), nitrogen oxides (NOx) and sulfur dioxide (SO2).208 The PPI can be
considered a prototype for an air-polluting and energy-intensive industry. To
transform fibers into pulp and paper, mills not only require chemical additives
but also consume considerable amounts of process water and energy, both
thermal and electric. This turns the industry into a significant emitter, among
others, of air pollutants, creating a large environmental footprint. CO2, NOx and
SO2 emissions are the most common by-products of the combustion of fossil
and non-fossil fuels to produce energy.
In doing so, it makes a number of contributions to the literature. First, many
previous studies on the PH aim to judge the PH’s validity by using proxies for
environmental regulation that do not adequately measure neither regulatory
stringency nor elements of a well-designed regulatory mix (Berman and Bui 2001,
Brännlund and Lundgren 2009).209 I account for the econometric issues by using
binary variables as regulatory proxies, and I attempt to empirically disentangle
‘well-designed’ regulation into its major constituents: command-and-control
See Part 1 (Section 3) of this thesis. Comprehensive reviews on the Porter Hypothesis are
moreover provided by Wagner (2003), Brännlund and Lundgren (2009), and Ambec, Cohen
et al. (2011).
207 This typically refers to the choice of clean production technologies rather than
unproductive end-of-pipe measures, if applicable (e.g. in the case of CO2 abatement, no endof-pipe measures exist to date).
208 In the subsequent econometric analysis I will use sulfur emissions instead of SO2 emissions.
As a rule of thumb, two units of SO2 emissions correspond to one unit of sulfur emissions (email conversation with Mrs. Ingrid Haglind from the Swedish Forest Industry Federation on
October 11, 2012).
209 A typical variable used is pollution abatement control expenditure (PACE)—a variable that
tends to be subject to heterogeneity bias and measurement error (Berman and Bui 2001,
Brunnermeier and Cohen 2003).
206
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(CAC) regulation based on flexible performance standards, and regulation via
economic incentive instruments. This, on the one hand, provides additional
empirical insights into the environmental economics literature by analyzing the
effectiveness of each of these regulatory building blocks in inducing
environmental innovation and technology adoption, as well as innovation offsets,
in the regulated firms (Requate 2005, Kemp and Pontoglio 2011, Bergquist,
Söderholm et al. 2013). On the other, it ensures a more trustworthy test of the
PH because the regulatory proxies are supposed to measure regulatory stringency
as well as proper regulatory design (Wagner 2003).210
Second, in contrast to many previous empirical studies on the PH examining
the effect of environmental regulation on environmental innovation, I do not use
innovation input measures such as R&D but innovation output measures to be
able to better gauge the environmental and economic gains from innovative
activity. Third, unlike many previous studies, my empirical analysis aims to
account for the PH’s dynamic dimension.211 According to Porter, it can take
some time until properly crafted environmental regulations will become manifest
in innovations and innovation offsets—and the empirical literature often unable
to incorporate this lag structure (Ambec, Cohen et al. 2011). Fourth, unlike many
other previous analyses on the PH, I dispose of plant-level data, which allows for
a rather concise analysis on the various effects of environmental policy
instruments given that some regulatory instruments (e.g. CAC performance
standards) are plant-specific. Finally, from a policy perspective, and related to the
previous arguments, I provide evidence of whether recent environmental policy
in a country that is renowned for incorporating elements of properly crafted
regulations in the spirit of the PH has indeed been effective in enhancing
polluting plants’ environmental and business performance, and, if yes, how this
has been achieved.212.
The empirical results indicate that Swedish environmental regulation, by
stimulating environmental innovation in clean technologies and/or end-of-pipe
measures, has been able to induce favorable environmental performance changes
at Swedish pulp and paper plants: an increase in regulatory stringency, on average,
was associated with an improvement in CO2, NOx , and SO2 efficiency that was

In studies examining the link between environmental regulation and innovation, for
example, a traditional approach has been to proxy regulation by environmental compliance
costs. This has been argued to problematic because an increase in compliance costs may not
reflect more stringent regulations, nor does it tell us anything about the regulatory design
(Brännlund and Lundgren 2009, Ambec, Cohen et al. 2011).
211 Other studies that have incorporated the dynamics between environmental regulation,
innovation and performance are: Brunnermeier and Cohen (2003) and Lanoie, Patry et al.
(2008).
212 Brännlund and Lundgren (2010) is another recent study in that context. So far, empirical
studies have been biased toward the U.S., a country whose environmental regulation includes
rather inflexible technology standards, so that finding evidence on the PH might be comparably
difficult (Harrison 2002, Wagner 2003).
210
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significantly larger than that of the less regulated plants.213214 This, on the one
hand, seems to apply to economic instruments used in Swedish environmental
policy—Porter’s prototype of a ‘well-designed’ regulation. On the other, though,
the results show that Swedish CAC regulation—which, as discussed above,
builds on a flexible and cooperative case-by-case approach involving
performance standards set by environmental courts—has been successful as well
in achieving air pollution efficiency improvements.
Regarding the core part of the PH—the link between well-designed
regulations and improved business performance via innovation offsets—I find
robust evidence that innovation offsets may be present, and that they tend not
to materialize immediately but with a one-year delay.215 First and most
importantly, Swedish CAC regulation, and probably to some extent also
economic policy instruments, have resulted in total factor productivity (TFP)
growth at Swedish pulp and paper plants. TFP growth, in turn, appears to be
driven mostly by improvements in process water efficiency. Moreover, I find that
Swedish CAC regulation, and to some degree also Swedish economic
instruments, have induced energy efficiency improvements in the industry,
notably improvements in fuel and thermal energy efficiency. The findings suggest
that both regulatory instruments moreover stimulated the adoption of clean
biofuel-based technologies, which have the potential of simultaneously yielding
innovation offsets in the form of cost savings (e.g. due to cheap biofuels) and
environmental benefits through emission reductions (e.g. no fossil CO2 and low
sulfur emissions).
The paper is organized as follows. Section 2 outlines the PH, and critically
reviews previous empirical evidence in that context. In conclude the section by
formulating general testable hypotheses as regards the PH’s postulations. Section
3 presents the empirical strategy, the underlying data and variables used in the
empirical analysis. Section 4 presents and discusses the econometric results, and
Section 7 concludes.
The results for NOx efficiency improvements were contradictory, though. While the CAC
regulation coefficient for NOx normalized by total output is negative and significant (indicating
improvement), that for the robustness measure (NOx normalized by total energy
consumption) is positive and significant (pointing to a deterioration of efficiency). This may be
explained by the growing trend toward biofuel use in the pulp and paper plants’ production
processes; biofuels tend to have a higher NOx emission factor than the commonly used types
of fossil fuels (Sterner and Turnheim 2009, SEPA 2010, SEPA 2012).
214 Note that in the case of CO2 emissions no end-of-pipe measures are in use to date. This
implies that CO2 efficiency improvements have been achieved by introducing “fossil CO2
clean” technologies such as LPG or biofuels (regarding the increased use of biofuels, see below;
the increase in LPG consumption is shown by means of a descriptive analysis in later parts of
the paper).
215 By contrast, recent related studies on Swedish manufacturing industries (Brännlund 2008,
Brännlund and Lundgren 2008) did not find a significant relationship between environmental
regulations and productivity. Therefore, it cannot be excluded that the introduction of clean
technologies may have yielded certain innovation offsets, but that these offsets do not exceed
the cost of compliance incurred by Swedish pulp and paper plants.
213
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2 The Porter Hypothesis: A Critical Review of
the Evidence
2.1 ‘Win-win’ Environmental Regulation and the
Porter Hypothesis
There has been a long-lasting debate in environmental policy as to the suitability
of pollution control instruments in satisfying static and dynamic efficiency; two
policy criteria that matter from an economic point of view. The current
consensus, in particular with regard to dynamic efficiency, is that a policy focus
on individual pollution control instruments might be misleading. Instead, optimal
dynamic incentives for polluting agents could be ensured by means of a wellcrafted policy portfolio, or regulatory design (Jaffe, Newell et al. 2005, Johnstone,
Hascic et al. 2010a, Kemp and Pontoglio 2011).216
Harvard professor Michael Porter has long advocated the relevance of ‘welldesigned’ environmental regulations for accomplishing dynamic, as well as static,
efficiency gains. On top of that, he set a third hitherto neglected economic
criterion on the environmental policy agenda: policy’s ability to ensure a ‘double
dividend’ of simultaneous environmental and economic benefits.217 The standard
neoclassical paradigm of profit maximization has traditionally denied the
existence of a ‘double dividend,’ regarding compliance to environmental
standards as a cost driver and thus detrimental to polluting firms’
competitiveness (Palmer, Oates et al. 1995). Porter, in his controversially debated
Porter Hypothesis (PH), questioned this alleged tradeoff. Based on case study
evidence, he argued that ‘well-designed’ environmental regulations may not only
improve environmental quality but also enhance firms’ innovative capabilities
such that net regulatory costs might more than fully offset: a ‘win-win’ situation.
Such ‘innovation offsets,’ in turn, may ultimately entail a competitive edge over
more leniently regulated firms (Porter and van der Linde 1995a, Porter and Van
der Linde 1995b). Key properties of such properly crafted regulations are, among
others, regulatory stringency (e.g. exert pressure, improve environmental
awareness, set clear goals), uncertainty avoidance and predictability (e.g. via
phase-in and probation periods), flexibility (i.e. performance standards instead of
technology prescription, use of economic incentive instruments), and
coordination (regulator-industry; regulator-regulator).218

See my discussion in Section 2 of Thesis Part 1.
Cf. also Perman, Ma et al. (2003).
218 See Thesis Part 1 for a general (Section 3) as well as specific discussion with regard to
Swedish environmental policy (Section 6).
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2.2 Evidence on the Porter Hypothesis: A Critical
Review
Numerous empirical tests have been conducted to provide evidence on the PH.
Three empirical avenues can be distinguished: (i) tests of the ‘weak’ version of
the PH, that is, the effect of environmental regulation on innovation, R&D and
investment; (ii) tests of the ‘strong’ version of the PH, that is, how regulation
affects firm performance and competitiveness; and (iii) tests of the ‘narrow’
version of the PH, that is, the specific effect on innovation or performance of
environmental regulations considered flexible or ‘well-designed’ by Porter.219 The
bulk of the empirical analyses tackles avenues (i) and (ii), providing at best mixed
results as regards the PH’s empirical relevance, although the ‘weak’ version tends
to be confirmed more frequently than the ‘strong’ version. Moreover, evidence
on the PH’s ‘narrow’ version is scarce.220
Given the conflicting or rather scarcely existing (regarding the PH’s ‘narrow’
version) results of many empirical analyses on the PH, and in order to highlight
the empirical contributions of my paper, a critical discussion of these studies is
justified.
Problematic proxy variables for environmental regulation
First and foremost, as Brännlund and Lundgren (2009) note, many empirical
approaches to the PH use proxy variables for environmental regulatory
stringency that may not truly capture neither regulatory stringency nor the
elements that, according to Porter, a well-designed regulatory mix should contain
to induce environmental innovation and innovation offsets (e.g. flexible
performance standards and economic policy instruments). This may explain the
lack of consensus in the literature as to the PH’s validity, in particular as regards
the effect of regulatory stringency on business performance.
A variable often used is firms’ or industries’ costs of complying with
regulation, also known as pollution and abatement control expenditures (PACE).
There are two common reasons for why using PACE may confound estimation
results, by not adequately reflecting compliance costs (i.e. regulatory stringency):
measurement error and heterogeneity bias (Berman and Bui 2001, Brunnermeier
and Cohen 2003). As for the former, Berman and Bui (2001), for example, argue
that environmental regulation can stimulate the adoption of clean and more
efficient technologies, so that PACE may have a productivity-enhancing effect
as well, which will result in that net regulatory costs are lower than the gross
regulatory costs measured by PACE. Heterogeneity bias implies that there are
Recently, empirical evidence on a so-called recast version of the PH has emerged. Those
studies make use of nonparametric methods (Managi, Opaluch et al. 2005). Thesis Part 4
contributes to the literature in that field.
220 See Thesis Part 1 (Section 3).
219
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factors, often unobserved, that can be expected to affect PACE, causing biased
estimation results because of the endogenous nature of the PACE variable.221
In my estimation framework, I account for these estimation issues by
proxying regulation with a set of binary variables (Berman and Bui 2001) as well
as with continuous variables that minimize heterogeneity bias and measurement
error. Another advantage with my proxies is that they not only capture regulatory
stringency but also reflect additional properties of ‘well-designed’ environmental
regulation in the Porterian sense:222
First, I disentangle regulation into its major constituents, using proxies that
measure the effects both of command-and-control (CAC) regulation and of
regulation via economic incentive instruments. In this vein, I am at the same time
able to provide additional empirical insights into the environmental economics
literature by analyzing the effectiveness of each of these regulatory building
blocks in inducing environmental innovation in the regulated firms (Perman, Ma
et al. 2003, Requate 2005, Kemp and Pontoglio 2011).
Moreover, I test how flexible and uncertainty-reducing regulatory time
strategies (e.g. extended compliance and probation periods) affect environmental
innovation and innovation offsets.223 This is closely related to the argument
raised by Ambec, Cohen et al. (2011) that the negative findings of many studies
on the ‘strong’ version of the PH may be due to the fact that the PH’s dynamic
nature has not been sufficiently considered. More precisely, these empirical tests
often lack lag structures for the regulation proxies, which rules out the reasonable
conjecture that it can take time until ‘learning-by-doing’ (Jaffe, Newell et al. 2005,
Höglund-Isaksson and Sterner 2009) increases the odds that a firm’s ecoinnovations both lead to an improved environmental performance and generate
offsets in the form of an enhanced productivity. My empirical analysis accounts
for these regulation-induced innovation dynamics by specifying lags in the
regressions.
Third, my analysis tackles Porter’s argument that environmental policy is welldesigned—and hence conducive to a ‘win-win’ situation of mutual
environmental and economic benefits—if it manages to achieve coordination at
various levels of governance. My focus is on coordination issues in decentralized
systems of environmental governance. There, medium to long-term dynamic
efficiency and ‘win-win’ objectives of national environmental legislation compete
with goals articulated by regional or local governance levels—which might be at
odds with their national counterparts. Recent literature findings confirm this
For example, firms or industries may differ in their PACE due to differences in the type of
output they produce, plant productivity, and the degree of external pressure from external
stakeholders (Berman and Bui 2001; Brunnermeier and Cohen 2003).
222 This has hardly been done in the empirical literature (Wagner 2003, Brännlund and
Lundgren 2009).
223 As outlined in Sections 3 and 6 (Thesis Part 1), compliance periods imply that the regulator
lets firms themselves test and select the most appropriate compliance measures within a given
time frame, until the stipulated performance standards ultimately apply. This contributes to
meeting imposed emission targets in a flexible and cost-effective way.
221

169

Jönköping International Business School

alleged trade-off. For example, it has been suggested that decentralized
environmental governance may lead to regulatory bias and efficiency losses
(Oates and Schwab 1988, Oates 1999, Oates 2002). Also, anecdotal evidence has
been provided that environmental inspectors at the municipality level have been
exposed to political pressure in an attempt to make the municipality appear more
business friendly (Sjöberg 2012). I test this conjecture for Swedish CAC
regulation, where decentralized governance is present (OECD 2007, Lönnroth
2010, Mazur 2011).224 With respect to the PH, I expect a flawed coordination
between different regulatory levels to be detrimental to inducing innovation and
innovation offsets at regulated firms.
Innovation input rather than innovation output measures
Another issue with many empirical tests of the PH’s ‘weak’ version, and to some
extent also its ‘narrow’ version, is that the variables used to measure
environmental innovation (e.g. R&D expenditure) do not make any statement
about innovation output, or gains from innovation (Wagner 2003, Brännlund and
Lundgren 2009, Ambec, Cohen et al. 2011). My paper aims to address this lack
by using variables that measure regulation-induced environmental and economic
benefits from process eco-innovation: innovations that both reduce the negative
effects of production (in my case different types of air emissions) and indicate an
optimized production process, and thus cost savings (EIO 2010).
Inaccurate firm- or industry-level analyses
A further weakness of many empirical investigations of the PH is the use of firmlevel or industry-level data. This implies a loss of accuracy when examining
environmental policy effects because regulatory instruments often are geared
toward individual plants. In Sweden, for example, CAC regulation implies that
plant-specific performance standards are established.225 Disposing of plant-level
data, I am able to correct for this imprecision to some extent.
Empirical bias toward North America, and lack of recent data
Finally, from a policy-making viewpoint, it is important to point out that
empirical studies on the PH so far have been biased toward North America
(Wagner 2003, Ambec, Cohen et al. 2011), a region where environmental
regulation includes rather inflexible technology standards (Harrison 2002), so
that providing evidence on the PH, and gauging its validity as a policy-making
tool, is rather difficult. Moreover, many analyses are based on relatively old data,
which may provide a further explanation for negative or inconclusive results on
the PH.226 My analysis uses recent Swedish data, which means that I test whether
contemporary environmental policy in a country that is internationally renowned
See also Section 6.3 in Thesis Part 1.
See Section 6.2 in Thesis Part 1.
226 Flexible regulatory instruments in the spirit of the PH have not been common until recently,
and, if so, have lacked stringency (OECD 2006).
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for its well-designed regulations in the spirit of the PH has indeed been successful
in improving polluting plants’ environmental and business performance.227

2.3 Hypotheses
My empirical contributions can be subsumed into 12 general hypotheses (H1H12).228 First, regarding the relationship between efficient economic policy
instruments and environmental process innovation in the Swedish PPI, as well
as resulting innovation offsets, four general hypotheses can be formulated:

H1: Economic policy instruments have a positive effect on Swedish pulp and paper plants’

environmental performance by inducing environmental process innovation. This effect can be
dynamic, that is, it can take some time to materialize.

H2: Economic policy instruments induce clean technology adoption at Swedish pulp and paper
plants. This effect can be dynamic, that is, it can take some time to materialize.

H3: Economic policy instruments induce innovation offsets at Swedish pulp and paper plants

via environmental process innovation. This effect can be dynamic, that is, it can take some time
to materialize.

H4: Economic policy instruments induce innovation offsets at Swedish pulp and paper plants

in the form of total factor productivity growth. This effect can be dynamic, that is, it can take
some time to materialize.
Next, the impact of Swedish CAC regulation based on performance standards
and extensive compliance periods can be summarized in another four
hypotheses:

H5: Stringent and well-designed CAC regulations in the form of flexible performance

standards have a positive effect on Swedish pulp and paper plants’ environmental performance
by inducing environmental process innovation. This effect can be dynamic, that is, it can take
some time to materialize.

H6: Stringent and well-designed CAC regulations in the form of flexible performance
standards induce clean technology adoption at Swedish pulp and paper plants. This effect can
be dynamic, that is, it can take some time to materialize.

See Thesis Part 1 (Section 6) for details.
Note that H1-H3 and H5-H7 constitute the frame of reference for the specific hypotheses
formulated in Thesis Part 1 on the environmental and innovation performance effects (i) of
Swedish economic instruments (Section 6.1.4); and (ii) of CAC regulation via pulp and paper
plants’ capacity expansion (Section 6.2.6). H4 and H8 are added to explicitly test the impact
of CAC regulation and economic instruments on business performance, in line with the PH’s
postulations.
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H7: Stringent and well-designed CAC regulations in the form of flexible performance

standards induce innovation offsets at Swedish pulp and paper plants via environmental process
innovation. This effect can be dynamic, that is, it can take some time to materialize.

H8: Stringent and well-designed CAC regulation in the form of flexible performance standards

induce innovation offsets at Swedish pulp and paper plants in the form of total factor productivity
growth. This effect can be dynamic, that is, it can take some time to materialize
Moreover, as to my test of Porter’s argument that environmental policy is not
well-designed—and hence not conducive to a ‘win-win’ situation of mutual
environmental and economic benefits—if it lacks coordination at various levels
of governance, I state the following hypotheses:

H9: Decentralized Swedish environmental governance has a negative effect on Swedish pulp
and paper plants’ environmental performance by crippling environmental process innovation

H10: Decentralized Swedish environmental governance has a negative effect on Swedish pulp
and paper plants’ clean technology adoption.

H11: Decentralized Swedish environmental governance has a negative effect on innovation
offsets in the form of environmental process innovation at Swedish pulp and paper plants.

H12: Decentralized Swedish environmental governance has a negative effect on Swedish pulp
and paper plants’ innovation offsets in the form of total factor productivity growth.

3 Empirical Model and Data
The above hypotheses will be subjected to empirical tests. This section presents
the econometric strategy used to conduct these tests, while at the same time
describing the underlying empirical data.

3.1 Empirical Strategy
I examine the relationship between environmental regulatory stringency,
environmental process innovation, and process innovation offsets in the Swedish
PPI, making use of recent panel data on the most polluting Swedish pulp and
paper plants. My regulatory variables differ from many previous studies in that
they measure well-designed environmental regulation in the spirit of the PH, that
is, economic instruments and plant-level CAC regulation using flexible
performance standards. To that end, I choose a treatment-effects model. It
permits testing the effect of an endogenously chosen binary treatment, zit on a
continuous variable, conditional on two sets of exogenous variables xit and wit.
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(Cameron and Trivedi 2009, Guo and Fraser 2010, StataCorp 2011).229 My main
interest is in the regression model (‘outcome equation’)
yit = 𝐱 it β + δzit + ϵit

(1)

where zit is an endogenous dummy variable indicating whether the treatment for
unit i is assigned or not in year t. The binary decision to obtain the treatment, zit,
is modeled as the outcome of an unobserved latent variable, zit∗ . By assumption,
zit∗ is a linear function of the exogenous regressors wit and a random component
uit (‘selection equation’). Formally,
zit∗ = 𝐰it γ + uit

(2)

where the observed decision is
zit = {

1,
if zit∗ > 0
0, otherwise

and where ϵ and u are bivariate normal with mean zero and covariance matrix
[

σ2 ρσ
]
ρσ 1

In the present paper, the treatment effects model allows for testing the effect of
a dummy variable zit, proxying CAC regulation based on flexible performance
standards on a continuous dependent variable, yit ,
where
yit ∈ {′environmental performance', 'clean innovation', 'innovation offsets'}
and where i denotes a Swedish pulp and paper plant observed in year t. This
dummy takes the value of 1 if a plant i has expanded production capacity in year
t, and the value of 0 otherwise. The variable has been chosen as CAC regulation
proxy because capacity expansions have to be approved by Swedish regional
environmental courts, which are assumed to tighten expanding plants’ ELVs in
the context of approving a capacity expansion. This, however, can be expected
to take place with a delay due to courts’ use of extended compliance period.
During that period, plants are allowed to experiment with new environmental
technologies in a ‘learning-by-doing’ way to improve their environmental
performance as well as increase the potential for innovation offsets in the form
The exogenous variables pertaining to these two sets can in principle be identical, however,
it would be preferable to have some exclusion restrictions. This means that at least one
exogenous variable of the xi set should not appear in the wi set, on a priori grounds. Identical
variables in the selection and outcome equation would result in imprecise estimates
(Wooldridge 2002). See also Section 4.1.
229
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of an enhanced resource productivity. In my regressions, I account for this
scenario by introducing a lag between my binary CAC proxy and the respective
dependent variable.
I opt for the treatment effects model because I conjecture that in my case
there are unobserved factors that determine a plant’s decision to expand
production capacity, and the regulator’s propensity to approve that expansion,
thereby causing a sample selection bias. For example, one could argue that a
plant’s probability of successfully and efficiently adopting or developing new
environmental technology to improve its environmental performance is
considered when it comes to a production capacity expansion: on the one hand
by the plant’s management (e.g. modernization costs given the plant’s age, human
resources available), and, on the other, by the environmental courts (e.g.
relationship of trust with the plant management due to successful environmental
performance improvements in the context of past capacity expansion approvals).
Hence, plants with higher, say, ability, would be more likely to expand production
capacity and to improve their air emission intensities.
Moreover, if the error term in equation (2) is correlated with ability, and the
error term in equation (1) as well, there will be a positive correlation between
these error terms. In this way, the selection bias is identical with an omittedvariable problem—which is why the common OLS estimator needs to be
replaced by a treatment effects model to correct for the upward bias otherwise
caused (StataCorp 2011). In other words, the capacity expansion dummy can be
considered an endogenously chosen binary treatment—which makes it necessary
to explicitly model selection effects by means of a treatment-effects approach
when modeling innovation and performance outcomes at Swedish pulp and
paper plants (Guo and Fraser 2010). I proxy a plant’s ability, among others, by
plant size, modeling a plant’s decision to expand production capacity (or rather
the corresponding regulatory approval) as a function of this variable in the
selection equation.230 Plant ability is captured by the exogenous variable set wit.
The exogenous variable set, xit, includes further proxies for ‘well-designed’
regulation in the Porterian sense.

3.2 Data
The empirical analysis uses a sample of the environmentally most hazardous pulp
and paper mills in Sweden, observed during the period 1999-2011. The panel is
unbalanced; the number of pulp and paper mills in the sample decline
continuously after 1999. Table II-1 shows the number of pulp and paper mills
since 1999 as well as the sample’s structural composition. As can be seen, it is
dominated by chemical pulp mills, the majority of which are integrated.
230

For information on the remaining covariates in the selection equation, cf. Sections 3.3 and

4).
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Table II-1. Number and structural composition of Swedish pulp and
paper plants used in the empirical analysis
Year

# Mills

Integrated

Market
pulp

Papermaking

Chemical
pulpA)

1999
2001
2006
2011

63
60
54
48

34
33
29
27

13
13
13
11

15
14
12
10

29
28
24
23

Integrated
chemical
pulp
19
18
16
16

Note: A) A mill is counted as a chemical pulp mill if it produces chemical pulp either using the sulfate
or sulfite pulping process. Both integrated and non-integrated mills are included in this measure.

Emission and production data on these ‘A-Plants’ (see Section 6 in Thesis Part
1) are published by Swedish Forest Industries and the Swedish EPA, with 19992000 covered by the Swedish EPA (SEPA 1997-2001), with 2001-2006 covered
by Swedish Forest Industries, and with 2007-2011 covered both by Swedish
Forest Industries and by the Swedish EPA via the Swedish Pollutant Release and
Transfer Register (PRTR).231232 PRTR lists emissions from the 1,000 largest
companies in Sweden that are involved in activities considered ‘environmentally
hazardous’ by the Environmental Code. It therefore also includes the pulp and
paper ‘A-Plants’ analyzed in this paper. All in all, I dispose of NOx and SO2
emission data for the period 1999-2011, and of fossil CO2 emission data for the
period 2001-2011. To gather data on plants’ number of employees and
production capacity, which were lacking in the above data sources, I used the
Nordic Paper and Pulp Makers’ Directory (Nordisk Papperskalender 1996-2010).
Due to missing values regarding employees and capacity in these publications, I
moreover retrieved Retriever Business, a Swedish online business database as
well as firms’ annual and environmental reports published on their respective
websites.233 My production data, on top of that, include a standard Malmquist
TFP measure obtained from a previous version of the empirical article presented
in Thesis Part 4. Finally, the dataset contains regional variables at the municipality
and functional labor market area level, as well as plant location variables (e.g.
town or sea location). I constructed these variables based on data from Statistics
Sweden and PRTR, aiming to proxy various aspects of ‘well designed’ regulation
in the Porterian sense (see Section 3.3 for details).

SEPA (2013). “Swedish Pollutant Release and Transfer Register (PRTR).” Retrieved January
5, 2013, from http://utslappisiffror.naturvardsverket.se.
232 Swedish Forest Industries (2013). “Miljödatabasen.” Retrieved February 10, 2013, from
http://miljodatabas.skogsindustrierna.org.
233 Retriever Business (2013). “Online Database on Swedish Businesses.” Retrieved January
21, 2013, from http://www.retriever-info.com.
231
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3.3 Variables and Descriptive Statistics
Error! Reference source not found. presents the variables used in the
conometric tests, and Table II-3 reports their predicted effects. Moreover, Table
A- II-1 and Table A- II-2 in the Appendix report descriptive statistics and
pairwise correlations of the study sample.
Outcome equation
I set up three broad specifications to test various aspects of the PH. My first
specification tests the impact of well-designed regulation on environmental
performance at Swedish pulp and paper plants. The latter is proxied by changes
in plants’ fossil CO2, sulfur and NOx intensities. I specify two measures for each
pollutant; one that normalizes pollution by total plant output—which is the
typical definition of a performance standard; and another that normalizes by a
plant’s total energy use. I expect this to increase the robustness of my results. At
the same time, it allows me to comment on potentially counterbalancing or
reinforcing cross-pollutant effects.234 Provided that they display a falling trend,
these variables might moreover be interpreted as a broad measure of process ecoinnovation because they would imply a reduction of harmful by-products of the
production process.235 This applies in particular to fossil CO2 intensity because
reductions in this indicator have a large cost-saving potential relative to NOx and
sulfur intensity—a typical example for Porterian ‘innovation offsets.’ The reason
is that reductions are achieved not via costly and unproductive end-of-pipe
innovation but through productivity-enhancing internal process changes:
substituting clean and cheap biofuels for harmful fossil fuels or optimizing the
production process, for instance, via energy efficiency growth. By contrast,
reductions in NOx and sulfur intensities would have less features of a process
eco-innovation because they are not necessarily achieved through internal
process changes but often via unproductive end-of-pipe solutions.236237
The second specification analyzes whether regulation has been able to induce
productivity-enhancing clean technology innovation at Swedish pulp and paper
plants. To that end, I define four dependent variables that measure changes in
plants’ specific biofuel consumption and specific fossil fuel consumption, two of
which constitute a robustness check.238 Increases in the former and reductions in
the latter are interpreted as clean technology innovation. The challenge here is to
See Part 1, Sections 5.1 and 6.1.
Recall my definition of process eco-innovation presented in Part 1, Section 3.
236 See Thesis Part 1, Sections 5.1 and 5.2.
237 In principle, environmental performance can also be improved if the environmental court
stipulates production ceilings to reach a certain ELV. This is very unlikely however. Cf. Sveriges
Domstolar (2013). “Vägledande avgöranden (significant rulings).” Swedish Courts, Stockholm,
retrieved on February 2, 2013, at http://www.rattsinfosok.dom.se.
238 The term ‘specific’ means that biofuel and fossil fuel use are normalized by total energy use
(Swedish Energy Agency 2011). I also normalize by total output.
234
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determine the extent to which regulations, and not rising fossil fuel prices, have
induced this fuel switch. Since I do not dispose of detailed data on plants’ fuel
mix, let alone respective purchase prices, I attempted to detect patterns in that
context by means of a descriptive analysis based on more aggregated data (see
Part 1, Sections 6.1.3 and 6.2.5). There, I made a case that regulation had a
significant role in stimulating the transition from fossil fuels to biofuels.
The third specification explicitly tests the link between regulation and
Porterian innovation offsets at Swedish pulp and paper plants. I measure offsets
mainly by changes in plants’ energy efficiency, constructing several dependent
variables including: total energy efficiency, fuel and thermal energy efficiency,
and electricity efficiency. I moreover include changes in plants’ process water
efficiency and plants’ TFP growth as additional proxies for innovation offsets.
The TFP growth measure is a standard Malmquist TFP index based on Shephard
output distance functions to model technology (Shephard 1970, Chung, Färe et
al. 1997). Input-wise, the index includes a plant’s process water use, net electricity
use, number of employees and total production capacity of pulp and paper. The
index moreover contains two outputs; a plant’s total production of pulp and
paper. I also dispose of two TFP decomposition measures, that is, change in
technical efficiency and technical change.239 Including them as dependent
variables allows me to test whether regulation, if at all, was able to induce TFP
changes via technology adoption/diffusion (i.e. a ‘catch-up’ effect to the
technology frontier) or via technological change (i.e. a upward shift of the
technology frontier). This bears interesting policy implications. All three
categories of specifications differ, as just explained, in terms of the dependent
variables used in the respective outcome equation. They are, however, identical
with regard to the covariates both of the selection equation and the outcome
equation.240
My empirical tests involve three key regressors in the outcome equation, each
of which measures different aspects of environmental regulatory design. One of
them is CAPEX, the endogenously chosen dummy variable introduced in
Section 3.1. CAPEX takes the value 1 if a plant expanded production capacity,
and 0 otherwise. It is meant to proxy CAC regulation on the part of Swedish
environmental courts, which need to approve capacity expansions, usually
tightening performance standards as a results, albeit in a flexible way via extended
compliance periods. This, in turn, provides increased incentives for productive
and environmentally benign process reconfigurations, rather than costly end-ofpipe measures.241

I adopted the TFP growth measure from a previous version of the empirical article
presented in Thesis Part 4.
240 Within a given specification, the covariates of the outcome and selection equation differ,
however, due to so-called exclusion restrictions (see Section 4.1).
241 See Part 1, Section 6.2.
239
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Table II-2. Variables in the empirical analysis
Variable
∆ln(CO2/Y)
∆ln(CO2/Egy)
∆ln(NOx/Y)
∆ln(NOx/Egy)
∆ln(S/Y)
∆ln(S/Energy)
∆ln(Bio/Y)
∆ln(Bio/Energy)
∆ln(Fos/Y)
∆ln(Fos/Energy)
∆ln(Energy/Y)
∆ln((FuTh/Y)
∆ln(FuTh/Egy)
∆ln(NetEl/Y)
∆ln(NetEl/Egy)
∆ln(Prowa/Y)
∆TFP
∆TE
∆TC
CAPEXA)

Green
Pode
Pta
TOWN

D99-D11

ln(Size)
ln(E/Fos)
COAST

Definition
Dependent variables outcome equation
1st-differenced log of plant’s CO2 emissions per ton
output
1st-differenced log of plant’s CO2 emissions per TJ total
energy used
1st-differenced log of plant’s NOx emissions/ton output
1st-differenced log of plant’s NOx emissions/TJ energy
1st-differenced log of plant’s sulfur emissions/ton output
1st-differenced log of plant’s sulfur emissions/TJ energy
1st-differenced log of plant’s use of biofuels/ton output
1st-differenced log of plant’s use of biofuels/TJ energy
1st-differenced log of plant’s use of fossil fuels/ton output
1st-differenced log of plant’s use of fossil fuels/TJ energy
1st-differenced log of plant’s total energy use/ton output
1st-differenced log of plant’s use of fuels and thermal
energy/ton output
1st-differenced log of plant’s use of fuels and thermal
energy/TJ energy
1st-differenced log of plant’s use of electricity/ton output
1st-differenced log of plant’s use of electricity/TJ energy
1st-differenced log of plant’s use of process water/ton
output
Plant’s growth in Malmquist total factor productivity (%)
Plant’s growth in Malmquist technical efficiency (%)
Plant’s growth in Malmquist technical change (%)
CAC regulation – environmental courts
Dummy taking on 1 if plant carried out capacity
expansion; 0 otherwise

Aimed to measure

Regulation-induced
environmental
performance and
process eco-innovation

Regulation-induced clean
technology innovation

Regulation-induced
innovation offsets

Effect of CAC regulation
via performance
standards
Decentralized operative enforcement of CAC regulation
Green Party’s share (%) in the Municipal Council Decentralized regulatory
Election in plant’s municipality in year t
bias
CAC regulation – courts & decentralized operative enforcement
Municipality’s population density where plant is located
Control variables for
Ratio (decimal) between protected and total land area
stringency of CAC
in municipality in which plant is located
regulation by
Dummy taking on 1 if plant is located within an
environmental courts,
agglomeration; 0 otherwise
and local operative
branches
Economic policy instruments
Dummy taking 1 for each respective year; 0 otherwise.
Effect of 12 regulatory
Reference years differ between models
events in the use of
economic instrumentsB)
Regulation & plant characteristics
Log of plant’s number of employees
Plant features & control
Plant’s air pollution per TJ fossil fuels; E ∈
variables
for
CAC
′
′
{ CO2 , 'NOx', 'Sulfur'}
regulation (or economic
Dummy taking value of 1 if plant is located by the coast,
instruments, w.r.t Size)
and 0 otherwise

Note: E/Fos: E ∈ {′CO2′, 'NOx', 'Sulfur'}. A) CAPEX is a key regressor of the outcome equation and at the
same time, by virtue of its binary endogenous nature, the dependent variable of the selection equation.
B)
See Thesis Part 1, Section 6.1.
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I expect CAPEX to be positively associated with my proxies for environmental
performance, clean technology innovation and innovation offsets. By virtue of
its binary endogenous nature, CAPEX is at the same time the dependent variable
of the selection equation.242
The second group of key regressors in the outcome equation are year
dummies (D99-D11). They are supposed to capture the effect on mills’
environmental performance, process eco-innovation, and innovation offsets of
12 regulatory events in the use of Swedish economic policy instruments since
1999. As outlined in further detail in Part 1 (Section 6.1), some of these variables
are expected to have a positive impact on environmental performance, clean
technology innovation as well as on innovation offsets at Swedish pulp and paper
plants.
Green is the third explanatory variable of major relevance for the analysis. It
measures, in year t, the Green Party’s share in the Municipal Council Election in
the Swedish municipality where plant i is located. Through this variable, I aim to
shed empirical light on the PH’s suggestion that effective regulator-regulator
coordination is needed to stimulate innovation and innovation offsets at
regulated firms. In other words, lack of such coordination implies losses of
(dynamic) efficiency, reducing the odds for a ‘double dividend’ of mutual
environmental and economic benefits. Green is meant to proxy efficiency losses
through regulatory bias due to decentralized elements in Swedish CAC
regulation. As argued in Part 1, Section 6.3, inspection and operative
enforcement of pulp and paper plants occur at the county and municipality level.
This may enhance the risk for coordination failures between this decentralized
regional branch of environmental governance and its centralized national
counterpart, thereby entailing a discriminatory treatment of plants with otherwise
equal characteristics (e.g. size). In line with the PH’s postulation, such a
coordination failure should hence be detrimental to environmental performance,
dynamic efficiency, and innovation offsets at affected firms.243 Conjecturing that
a decrease (increase) in Green is equivalent to an increased (a reduced) degree of
coordination failure between stringent national and less stringent regional
elements of Swedish environmental policy, I hypothesize


that the air emission intensities (CO2, sulfur, NOx) of plants located in
municipalities where Green is higher improve faster relative to plants
located in municipalities where Green is lower;

See Section 3.1.
The construction of this variable was inspired Sjöberg’s finding that Green Party
representation in a municipality’s ruling coalition explains differences in the local enforcement
of the Swedish Environmental Code (Sjöberg 2012). The author also reports anecdotal
evidence of political pressure on environmental inspectors in Swedish municipalities for the
purpose of appearing more business friendly.
242
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that plants located in municipalities where Green is higher have a higher
rate of innovation in clean biofuel-based technologies relative to plants
located in municipalities where Green is lower , and
that innovation offsets for plants located in municipalities where Green
is higher are larger relative to plants located in municipalities where Green
is lower.

My outcome equation includes three additional regulatory proxies for stringency
of CAC regulation, both by environmental courts and by local administrative
bodies responsible for inspection and enforcement. All variables are supposed to
reflect varying stringency through variations in the sensitivity of the local
environment. As outlined in Part 1, Section 6.2.3, one aspect of plant specificity
in Swedish CAC regulation is that the degree of regulatory stringency to which a
plant is exposed hinges upon its local environmental impact. To ensure
environmental efficiency, plants with a larger local environmental footprint, all
else equal, must be regulated more strictly than those inflicting less damage on
the local environment. This approach is mirrored in the Swedish BAT principle
of proportionality which, in turn, has its roots in the ‘Polluter Pays Principle’
embodied in the Swedish Environmental Code’s rules of consideration (Swedish
Code of Statutes 1998a). For the purpose of my empirical analysis, I
operationalize the notion of ‘sensitivity of the local environment’ in two ways. I
assume that this sensitivity is an increasing function of a Swedish municipality’s
(i) vegetation and ecosystem density; and (ii) share of protected land area.
The latter is captured in the variable Pta, which denotes, for year t, the ratio
between the protected and total land area in the municipality where pulp and
paper mill i is located.244 I expect that an increase in Pta goes along with a
tightening of regulatory standards because environmental courts, in accordance
with the Environmental Code’s general rules of consideration, will want to
impose stricter environmental standards on mills located close to such protected
areas. I expect the operative enforcement to be stricter as well. Hence, I predict


that the air emission intensities (CO2, sulfur, NOx) of plants located in
municipalities where Pta is higher improve faster relative to plants
located in municipalities where Pta is lower; 245

Information on a plant’s home municipality was obtained from PRTR. The protected land
area is composed of a municipality’s areas declared as national park, nature reserve, nature
management areas, wildlife sanctuaries, and habitat protection areas. Decisions concerning the
establishment of national parks are made by the Swedish government and the Swedish
Parliament The other types of protected area are established by the CABs or the
Municipalities. Statistics Sweden (2013). "Miljöräkenskaper." Retrieved February 6, 2013, from
www.scb.se.
245 A priori, this should apply in particular for sulfur and NOx intensities because SO2 and
NOx pollutants, unlike CO2 pollutants, can do harm to local ecosystems (Perman, Ma et al.
2003). Still, Pode might positively affect plants’ CO2 intensities via cross-pollutant effects (cf.
Part 1, Section 6).
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that innovation in clean technologies of plants located in municipalities
where Pta is higher occurs more frequently relative to plants located in
municipalities where Pta is lower;
that plants located in in municipalities where Pta is higher harness larger
innovation offsets than plants located in municipalities where Pta is
lower.

As regards the first assumption, I define two variables; Pode and TOWN. Pode
measures, for year t, the population density in municipality m where plant i is
located. TOWN takes on 1 if plant i is located within an agglomerated area, and
0 otherwise.246 I conjecture that the lower Pode, the higher the vegetation and
ecosystem density, that is to say, the higher the relative sensitivity of the
environment.247 This in turn implies an increase in regulatory stringency vis-à-vis
those plants located in such relatively sensitive environments. Likewise, I expect
plants located within urban agglomerations (i.e. TOWN=1) to be regulated more
leniently relative to plants outside agglomerations (i.e. TOWN=0) due to the fact
that a town’s vegetation and ecosystem density is lower. Hence, I conjecture




that the air emission intensities (CO2, sulfur, NOx) of plants located in
more densely populated areas ( or within towns) improve less relative to
plants that are not;248
that innovation in clean technologies of plants located in more densely
populated areas (or towns) is lower relative to those in less densely
populated areas (outside towns);
that the innovation offsets for plants located in more densely populated
areas (in towns) are smaller than those for plants in less populated areas
(outside towns).

Finally, I include plant size, measured by plant i’s number of employees, in the
outcome equation. This variable, on the one hand, is supposed to capture plant
features that may matter in an innovation and productivity context. For example,
large firms, due to harnessing scale economies and general internal resources, are
said to be more productive, and probably also more innovative, than smaller
ones. On the other, Size should be correlated with, and thus reflect, regulatory
stringency. For reasons discussed in Part 1 (Sections 6.1 and 6.2), I expect large
plants to be more strictly regulated than smaller plants. First, with regard to CAC
regulation (Section 6.2), the authorities will tend to enforce the Polluter Pays
Principle, forcing larger plants to internalize their larger environmental footprint.
The variable was constructed using cartographic data found in PRTR.
This conjecture is supported by two Swedish ordinances on Environmental Quality
Standards. They stipulate distinct SO2 and NOx ELVs to protect human health within
agglomerations, and vegetation outside agglomerations. Comparing the ELVs reveals that ELVs
with regard to nature conservation tend to be lower than those concerning human health
protection (Swedish Code of Statutes 1998c, Swedish Code of Statutes 2001).
248 This should apply in particular for sulfur and NOx intensities (cf. my comments as to Pta).
246
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Second, since economic feasibility matters for Swedish BAT, the fact that it will
be less expensive for larger plants to reduce emissions per ton output may imply
that they will face more stringent regulatory conditions. In terms of regulation
via economic policy instruments (Section 6.1), larger plants, due to their ability
to reduce emissions more cost-efficiently than smaller plants, may also have a
higher incentive to respond to such instruments (e.g. improve on their
environmental performance instead of paying a CO2 or sulfur tax). I therefore
expect




that the air emission intensities (CO2, sulfur, NOx) of larger plants
improve faster relative to smaller plants;
that the rate of clean technology innovation of larger plants is higher
relative to smaller plants;
that the innovation offsets for larger plants are larger relative to those
for smaller plants.

Selection equation
In line with my reasoning in Section 3.1 on why a sample selection bias may be
present in my analysis, I include several variables in the election equation to
explain the variation in CAPEX; its dependent variable. My basic hypothesis is
that more strictly regulated plants, ceteris paribus, are less likely to expand
capacity, because the provisions imposed by the regulatory authorities in that
context will tend to be tougher and more costly than in the case of less regulated
plants expanding capacity. Pode and TOWN are two covariates of the selection
equation. Hence, I would expect a negative effect of Pode (as well as TOWN) on
CAPEX. With regard to TOWN, there might, however, be a counterbalancing
effect: For noise reasons, mills located within urbanized areas could also face
more stringent regulations in the form of lower maximum production limits
compared to plants outside towns. In other words, they might as well be less
likely to obtain the authorities’ permission to expand capacity.249 Pta is also part
of the selection equation. Since I hypothesize a positive correlation between Pta
and regulatory stringency, I expect plants located in municipalities with a high
Pta, all else equal, to be less likely to expand production capacity (see my
reasoning regarding Pode).
Size is another covariate of the selection equation. Just like in the case of Pta, I
expect a positive correlation between Size and regulatory stringency. In contrast
to the above case, however, I hypothesize that even though large plants face
tighter regulation, they are still more likely to expand capacity (i.e. to get the
approval to do so). The reason is that I expect large plants to have a higher degree
of ‘ability’ (e.g. financial and human resources, abatement know-how), and this
ability should translate into an enhanced propensity to increase production
Limited space could be a further reason why capacity expansions at those plants are less
likely. A study visit, in 2012, at Munksjö AB, a paper manufacturer in Jönköping, showed that
these conjectures may indeed hold for plants within (tightly) agglomerated areas.
249
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capacity, as well as an enhanced likelihood to obtain the permission from the
environmental courts to do so (see Section 3.1).
Table II-3. Predicted effects for the variables in the empirical analysis
Explanatory Variable
Dependent
Variable
CAPEX
Pode
Green
Pta
TOWN
ln(Size)
ln(E/Fos)
Regulation-induced overall environmental innovation and environmental performance
∆ln(CO2/Y)
+
+
n/a
∆ln(NOx/Y
+
+
n/a
∆ln(S/Y)
+
+
n/a
Regulation-induced clean technology innovation
∆ln(Bio/Y)
+
+
+
+
n/a
∆ln(Fos/Y)
+
+
n/a
Regulation-induced innovation offsets
∆ln(Energy/Y)
+
+
n/a
∆ln((FuTh/Y)
+
+
n/a
∆ln(NetEl/Y)
+
+
n/a
∆ln(Prowa/Y)
+
+
n/a
∆TFP
+
+
+
+
n/a
∆TE
+
+
+
+
n/a
∆TC
+
+
+
+
n/a
Dependent variable selection equation
CAPEX
n/a
+
n/a
+/+
-

COAST
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
+

Note: All variables in the left-hand column except CAPEX are dependent variables for the respective outcome
equation. CAPEX is the dependent variable for the respective selection equation. The robustness measures
for the outcome equation using a plant’s total energy use in the dependent variable’s denominator have the
same expected signs as those using a plant’s total output, Y, in the denominator. n/a means that the variable
is excluded from the outcome or selection equation. The year dummy predicted effects are found in Part 1,
Section 6.1.4.

Finally, I include two exclusion restrictions, that is, covariates that only are part
of the selection equation but not of the outcome equation (cf. Section 3.1). First,
COAST is a dummy variable taking the value of 1 if plant i is located by the coast,
and 0 if not.250 I conjecture that coast location constitutes a less environmentally
sensitive area than inland location, for instance, because effluents tend to be
released in the sea, and not into more sensitive inland waters (SEPA 2002). If
this is true, regulators will impose more lenient standards on plants that are
located nearby the coast than on those that are not. Less regulated plants in turn
will be more likely to expand capacity, because of laxer and less costly provisions
imposed by the regulatory authorities.251 Second, E/Fos measures plant i’s air
pollution per TJ fossil fuels (E==CO2, NOx or S, depending on the
specification). Very much in line with my reasoning regarding the Size variable, I
hypothesize that plants with a better pollution intensity will be more likely to get
regulatory approval to expand capacity because they signal that they in the past
successfully managed to implement environmental improvement measures.
The variable was constructed using cartographic data found in PRTR.
In principle, COAST would also have been a candidate for the outcome equation. However,
after thorough consideration, I decided to use it as exclusion restriction instead.
250
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4 Results
4.1 Estimation Issues
As discussed further above, I opt for a treatment effects model to analyze the
effect, among others, of Swedish CAC regulation on environmental
performance, process eco-innovation, and innovation offsets at Swedish pulp
and paper mills. In doing so, several estimation issues need to be taken into
account. First, there is a potential endogeneity problem specifically related to the
treatment effects estimator. The treatment effects model is justified only if the
error terms ϵit and uit of the outcome and selection equation are correlated (cf.
Section 3.1). In other words, if the treatment effects estimator is to be used, in
order to avoid estimation bias, both equations must not be independent. STATA
conducts a Likelihood Ratio (LR) test of independent equations to determine
whether ρ, the critical parameter in that context, is equal to zero. The LR test
compares the joint likelihood of an independent probit model for the selection
equation and a regression model on the observed outcomes against the treatment
effects model likelihood (Guo and Fraser 2010). If ρ = 0, then the errors ϵit and
uit are independent and an endogeneity problem can be ruled out; that is,
CAPEX would not be an endogenously chosen binary treatment (Cameron and
Trivedi 2009).
Moreover, I face a potential endogeneity problem with regard to the plantlevel regressors: In all specifications, I lag the plant-level exogenous regressors
Size and E/Fos in order to reduce reverse causality and simultaneity biases
(Wooldridge 2002). Reverse causality could be present, on the one hand, in the
selection equation: A plant expanding capacity might (i) increase or even reduce
(downsizing) its staff ex post; and (ii) improve on its environmental efficiency
(measured by E/Fos) ex post. Moreover, there might be a reverse causality issue
in the outcome equation. For example, a plant improving on its environmental
performance or productivity, say, in the context of a capacity expansion, again,
might increase or reduce (downsizing) its staff ex post. Simultaneity biases, too,
may be present in the selection and outcome equation. As for the former, firms
might anticipate (unobserved) demand shocks affecting CAPEX, and adjust
plant size at the same time. Regarding the outcome equation, unobserved
changes in customers’ environmental consciousness may increase demands for a
reduced environmental footprint on the part of pulp and paper firms, affecting
plants’ environmental efficiency and staff size (e.g. due to downsizing in the
context of efficiency improvement measures).
In addition, I have to deal with a clustering issue: My specifications involve
regressing a plant-level dependent variable, among others, on explanatory
variables at the region level (Green, Pta, Pode etc.). This implies that the usual
assumption of independent observations may be violated; observations will most
184
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likely be independent across regions (clusters) but not necessarily within regions.
I account for this by clustering the standard errors at the region-level, i.e. the
municipality level, so that they allow for intragroup correlation. This procedure
has impacts on the standard errors and variance-covariance matrix of the
estimators but not the coefficient estimates.252
Also, and as indicated in Sections 1 and 2, my empirical analysis aims to
account for the Porter Hypothesis’ dynamic dimension. That is, I test Porter’s
claim that it may take some time until properly crafted environmental regulations
will become manifest in innovations and innovation offsets.253 To that end, I run
specifications both with lagged (one year) and non-lagged regulatory variables
(except the year dummies).254
Next, I cut off extreme values for each respective dependent variable to
ensure that they do not steer the results. In that context, I make use of a Q-Q
plot, which plots the quantiles of the dependent variable in question against the
quantiles of the normal distribution. Those observations that to a major extent
deviate from the normal distribution are not included in the regressions.
A final major estimation issue I account for are the exclusion restrictions that
I discuss in further detail in Sections 5.1 and 5.3. My exclusion restrictions are
COAST and E/Fos (they are part of the selection equation but not of the
outcome equation).

4.2 Regulation-induced Environmental Performance
Improvement
Table II-4 reports treatment-effects results for regulation-induced environmental
performance (or overall process eco-innovation) at Swedish pulp and paper
plants—proxied by logged changes in CO2, NOx and sulfur intensity.
CAC regulation through environmental courts via approval of capacity expansions
The first key regressor is the CAPEX dummy, which measures the effect of CAC
regulation by Swedish environmental courts in the context of plants’ expansion
of production capacity. This regulatory approach is stringent but at the same time
flexible because it not only makes use of performance standards, rather than
technology prescriptions, but also involves extended compliance and probation
It is noteworthy that with a small number of clusters (usually below 50), or very unbalanced
cluster sizes, inference using the cluster-robust estimator may be incorrect (Nichols and
Schaffer 2007). I dispose of around 50 clusters, which moreover are fairly balanced in terms
of size.
253 See Part 1, Sections 3 and 6.
254 Some regression results are presented using lagged regulatory variables only because when
including them without a lag, the LR test of independent equations could not be rejected,
which indicates that the treatment effects model is not appropriate (see e.g. Section 4.2).
252
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periods for plants.255 My preferred specification for CAPEX is a one-year lag to
allow for the PH’s dynamic nature. As discussed in Part 1, Section 3, Porter
argues that it may take time until learning effects let firms reap the efficiency
benefits from reconfigured processes. Courts’ strategy of complementing stricter
performance standards in the context of approving capacity expansions with
uncertainty-reducing phase-in periods most likely enhances such learning effects,
thereby fuelling a process of decoupled growth. My negative and statistically
highly significant CAPEX coefficients in all models (except for model 4) provide
robust evidence of this strategy being successful. An increase in regulatory
stringency (CAPEX=1), all else equal, was associated with a reduction in CO2,
NOx, and sulfur intensity significantly larger than that of the less strictly regulated
plants (CAPEX=0).
The evidence is very robust with regard to CO2 (models 1 and 2) and sulfur
(models 5 and 6). Median reductions in CO2 intensity of plants expanding
capacity (CAPEX=1) were between 28 and 30 percent larger one year after the
capacity expansion than those of non-expanding plants measured in the same
year (CAPEX=0). These reductions were most likely achieved through the
adoption of ‘fossil-CO2-clean’ technologies such as biofuels and LPG, as well as
through improvements in energy efficiency simply because no end-of-pipe
innovation options exist as yet. Relative improvements in expanding plants’
sulfur intensity were still more pronounced: their median reduction was between
44 and 49 percent larger than that of non-expanding plants. While this reduction
most likely, and just like in the case of CO2, was fuelled by adopting clean
technologies and improvements in energy efficiency, one cannot rule out that
unproductive and costly end-of-pipe innovations, too, have contributed to this
trend.
The above results are based on conservative cutoff points to ensure that
extreme values do not steer the regression results. The model diagnostics
regarding models (1) and (2) resulted in cutoff points that involved dropping the
9 most extreme observations from the sample (about 1.8 percent). In models (5)
and (6), I ended up dropping the 26 most extreme observations (about 3.4
percent of the sample). I re-ran these models using the same cutoff points,
including CAPEX without lag and with a two-year lag, respectively. The general
trend was that my regression results became more sensitive to the cutoff points
specified as well as yielding less stable results for the two-year lag. In the case of
the non-lagged CAPEX-variable, and without excluding observations, the results
revealed a negative and statistically significant CAPEX-coefficient in all four
models, suggesting an immediate impact of CAC regulation on plants’ change in
CO2 and sulfur intensity. For models (1) and (2), this effect persisted even after
two years—again without specifying cutoff points. However, the more
conservative the choice of the cutoff points, the more insignificant did the
CAPEX-coefficient become. In addition, the treatment effects estimator became
255

See Part 1, Section 6.2.
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increasingly less justified due to non-rejection of the LR test of independent
equations.256
The CAPEX-results for changes in NOx intensity were contradictory already
with the preferred one-year lag specification for CAPEX: The coefficient in
model (3) is negative and statistically significant, suggesting that median
improvement in NOx intensity at expanding plants was 30 percent larger than
that at non-expanding plants. By contrast, the positive and statistically significant
coefficient in model (4) indicates that expanding plants’ median reductions in
NOx intensity were 45 percent lower than those of non-expanding plants—again
measured one year after the capacity expansion. Both models are based on
conservative cutoff points: model (3) drops the 1.7 percent of the most extreme
observations, whereas model (4) drops corresponding 2.2 percent.
To verify robustness, I re-ran models (3) and (4) with a non-lagged CAPEX
variable as well as with CAPEX lagged by two years. As to the former, the
statistically highly significant results suggest that expanding plants’ median
reduction in NOx intensity directly after a capacity expansion was between 36
and 38 percent larger than that of non-expanding plants. When including the
most extreme observations, the difference was still more pronounced.257This
significant and positive effect persisted: two years after increasing capacity,
expanding plants’ median reduction in NOx intensity still was around 30 percent
larger than that of non-expanding plants. In the two-year lag case, however, the
effect is sensitive to the specified cutoff point: Including the most extreme values
results, somewhat surprisingly, in a positive and significant CAPEX-coefficient.
258 One explanation for the somewhat inconclusive results regarding the delayed
effect of CAC regulation on NOx reduction might be the growing trend toward
biofuels in pulp and paper plants’ production processes. As discussed in Part 1,
Section 5, biofuels tend to have a rather high NOx emission factor. Hence,
adopting biofuel-based clean technologies one or two year after an approved
capacity expansion with the aim, in particular, of improving CO2 efficiency may
have ‘backfired’ in that it could have driven up NOx intensities as a side effect.
The somewhat ambivalent case of NOx notwithstanding, the regression
coefficients for CAPEX show one clear trend: CAC regulation appears to have
been most effective in reducing plants’ sulfur intensities. This may have been due
to a deliberate policy choice: reducing polluting industry’s sulfur emissions seems
to have been the prime focus of Swedish CAC regulation since the mid-2000s,
For models (5) and (6), the results involving CAPEX with a 2-year were significant but the
CAPEX-coefficient now turned positive, which is surprising.
257 Expanding plants’ median improvement in NOx intensity was found to be 51 percent larger
than that of non-expanding plants.
258 The results for models (1) to (6) using CAPEX without lag and with a two-year lag, are not
presented in regression tables but available from the author upon request. The presented
marginal effect of each CAPEX-dummy in these semilogarithmic regressions equals 100[exp(c)–
1], where c is the respective CAPEX-coefficient (Gujarati 2004). When, for a given pollutant, a
percentage range for marginal effects is indicated, I simply use the two slightly diverging
marginal effects for CAPEX as benchmark for that range.
256
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whereas CO2 and NOx pollutants have been increasingly regulated by economic
instruments.259 To sum up, I find confirming evidence for my research
hypothesis (H5)–and hence for one part of the PH—that stringent and welldesigned CAC regulations in the form of flexible performance standards have
had a dynamic and positive effect on Swedish pulp and paper plants
environmental performance, by inducing process eco-innovation. My
econometric findings also confirm my conjectures based on the descriptive
analysis in Part 1, Section 6.2.5. There, I concluded that seven major production
capacity expansions in the Swedish PPI between 1999 and 2011 seemed to have
achieved a decoupling of growth from environmental impact. While my
regression findings do not provide direct evidence for regulation’s ability to
induce Porterian ‘innovation offsets,’ it is nevertheless important to point out
that better environmental performance can indeed trigger offsets beyond those
direct ones brought about by cleaner and more efficient production technologies
(Lanoie, Laurent-Lucchetti et al. 2011).
Regulation via economic incentive instruments
The second group of key regressors in the outcome equation are the year
dummies (D99-D11), which capture the effect on mills’ environmental
performance (process eco-innovation) of 12 regulatory events in the use of
Swedish economic incentive instruments since 1999.260 I discuss the dummies’
respective coefficients in roughly chronological order to reflect the events’
chronological nature.261 Also, I implicitly refer to Section 6.1.4 of Part 1, where I
formulated specific hypotheses related to the events. First, I find negative and
statistically highly significant coefficients for D00 in models (3) and (4). Hence,
mills’ median reductions in NOx intensity were larger during 1999-00 than during
the base year 2002-03, which is in line with my hypothesis (H1c). As argued in
the descriptive analysis in Part 1, Section 6.1.3, one reason could be that mills,
spurred by Event 2, adopted end-of-pipe measures for NOx emission control. It
is also possible that they started replacing the newly taxed crude pine oil by other
biofuels (e.g. wood fuels) with a lower NOx emission factor (see Table I-1).262.
Moreover, anticipating Event 3, they may have invested in energy efficiency
measures to reduce specific use of fossil fuels, which tend to have a high NOx
emission factor (see Table I-1 and Section 4.3).263
I am grateful to Patrik Söderbom from Luleå Tekniska Universitet for pointing this out
during my research seminar in Luleå on February 14, 2014.
260 See Part 1, Section 6.1.3 and here in particular Figure I-16.
261 I will not discuss the dummies’ marginal effects because a year dummy can capture other
potentially relevant events responsible for changes in plants’ environmental performance (e.g.
price changes). Hence, the estimated effects are somewhat biased. However, I am still
confident that the regulatory events are a major cause for coefficients’ significance.
262 Event 2: “Also smaller boilers pay NOx charge (1996-97).”
263 Event 3: “230% rise in CO2 tax on natural gas & new energy tax on crude pine oil (2001).”
Substantial increases in the purchase price of fossil fuels during 1999-00 can also have played
a role.
259
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Next, in my descriptive analysis of these events’ impact on the PPI’s emission
intensities, I hypothesized a positive effect of Event 4, which entered into force
in 2002, on the industry’s sulfur intensity (H1b).264 The regression results confirm
this conjecture. The D02-coefficient is negative and statistically highly significant,
indicating that mills’ median reductions in sulfur intensity were larger in 2001-02
than during the reference year 2002-03; a period of low regulatory stringency (cf.
Part 1, Section 6.1.3). The fact that CO2 and NOx intensities during 2001-02
were insignificant supports this conjecture, making it less likely that increases in
the price of fossil fuels, which affect all three pollutants, have caused the
improvement. Moreover, there is evidence that mills’ adoption of low-sulfur oils
implied by Event 4 already might have started during the period 1999-2001, in
anticipation of the event, given the statistically highly significant coefficients for
the D01 and D00 dummies in model (6). The latter results, however, have to be
interpreted with care. D01 was probably highly affected by fossil fuel price rises
(see Table A- I-3, Figure I-19, and Figure I-20). Moreover, the period 1999-2003
saw major expansions in production capacity, which all, with the exception of
2002-03, coincide with reductions in the PPI’s sulfur intensity (see Figure I-24).
Hence, CAC regulation might also have had its fair share in the inducing the
reductions
The descriptive analysis in Section 6.1.3 of Part 1 pointed to the year 2003-04
as the beginning of a favorable period in terms of the PPI’s air emission
performance, and I argued that regulatory events can have made a significant
impact in that context. The positive emission trend is confirmed by all six models:
CO2, NOx and sulfur intensities featured larger reductions for the period 200304 and 2004-05 than for 2002-03, as evidenced by negative and highly statistically
significant coefficients for D04 and D05. This result, in combination with the
fact that the PPI’s air pollution expenditure relative to total output rose
dramatically between 2003 and 2005 (see Table A- I-3) lets me conclude that, on
the one hand, Event 5 (ECS) and Event 6 (government grants for a clean an
efficient energy supply), both introduced in 2003, and, on the other, the EU
Emission Trading Scheme (Event 7), in force since 2005, significantly influenced
the environmental performance improvements during that period.265
The highly significant D07, D08 and D09 dummies in all models (except D09
in models 3 and 4) indicate that the period 2006-07 to 2008-09 featured similarly
strong reductions in air emission intensities relative to 2002-03.
Event 4: “Sulfur content in fuel oils needs 100% reduction to be eligible for exemption from
sulfur tax (2002).”
265 Major increases in the average fossil fuel price during 2004-05 most likely also influenced
the D05 results (cf. Part I, Section 6.1.3). Moreover, Section 6.2 of Part I revealed that in 200405 the industry massively expanded production capacity. This, as argued, usually implies
tightened demands regarding ELVs on the part of the environmental courts, resulting in
measures to improve air emission intensities. These improvement measures, at least in regards
to sulfur intensity, can have spilled over into the year 2006, given that the D06 dummies for
models (5) and (6) are highly significant.
264
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Table II-4. Treatment-effects results for change in pollution efficiency at
Swedish pulp and paper plants
DEP VAR

∆ln(CO2/Y)
(1) ONE LAG

CAPEX

-0.354***
(0.128)

Pode

0.001**
(0.000)
-0.005***
(0.001)
-0.026
(0.025)
0.060
(0.428)

Green
TOWN
Pta
D00

n/a

D01

n/a

D02

-0.082
(0.063)
-0.227***
(0.068)
-0.269***
(0.095)
-0.083
(0.057)
-0.303***
(0.109)
-0.146**
(0.070)
-0.196***
(0.071)
-0.095
(0.065)
-0.228***
(0.082)

D04
D05
D06
D07
D08
D09
D10
D11
ln(Size)

0.002
(0.020)

ln(Size)

0.300**
(0.145)
0.002
(0.001)
-0.190
(0.154)
0.390
(0.327)
-0.162
(0.150)
-5.019**
(2.543)
485

Pode
TOWN
ln(E/Fos)
COAST
Pta
#Obs

∆ln(CO2/
Energy)
(2) ONE LAG

∆ln(NOx/
∆ln(S/Y)
Energy)
(3) ONE LAG
(4) ONE LAG
(5) ONE LAG
CAC regulation – environmental courts
-0.322***
-0.355***
0.373***
-0.580***
(0.120)
(0.084)
(0.095)
(0.106)
CAC regulation – courts & decentralized operative enforcement
0.000*
0.000
-0.000
0.001
(0.000)
(0.000)
(0.000)
(0.001)
-0.006***
0.002
0.000
0.003
(0.001)
(0.002)
(0.001)
(0.003)
-0.049*
-0.010
0.031
-0.072
(0.029)
(0.027)
(0.033)
(0.073)
0.328
-0.886**
0.729
-0.881
(0.381)
(0.442)
(0.455)
(0.925)
Economic incentive instruments
n/a
-0.180***
-0.138**
-0.280***
(0.058)
(0.057)
(0.096)
n/a
0.048
-0.035
-0.113
(0.055)
(0.054)
(0.083)
-0.094
-0.102
-0.079
-0.241**
(0.062)
(0.065)
(0.060)
(0.105)
-0.210***
-0.134***
-0.093**
-0.282***
(0.069)
(0.042)
(0.036)
(0.100)
-0.296***
-0.172**
-0.161**
-0.257**
(0.089)
(0.077)
(0.066)
(0.121)
-0.111*
-0.038
-0.003
-0.181**
(0.065)
(0.042)
(0.035)
(0.086)
-0.298***
-0.222***
-0.192***
-0.494***
(0.104)
(0.079)
(0.072)
(0.119)
-0.183**
-0.073*
-0.088**
-0.188*
(0.073)
(0.041)
(0.041)
(0.099)
-0.227***
-0.073
-0.078
-0.281***
(0.088)
(0.053)
(0.054)
(0.099)
-0.119*
-0.072
-0.083*
-0.137
(0.065)
(0.055)
(0.050)
(0.091)
-0.249***
-0.135***
-0.121**
-0.245***
(0.080)
(0.052)
(0.048)
(0.082)
Regulation & plant characteristics
0.004
0.028
-0.029
0.046*
(0.020)
(0.017)
(0.020)
(0.026)
SELECTION EQUATION (DEPENDENT VARIABLE: CAPEX)
0.302**
0.289**
0.287**
0.387***
(0.145)
(0.117)
(0.114)
(0.093)
0.002
0.001
0.001
0.002
(0.001)
(0.001)
(0.002)
(0.001)
-0.171
-0.155
-0.107
-0.236
(0.147)
(0.113)
(0.116)
(0.145)
0.413
0.004
-0.012
0.015
(0.330)
(0.069)
(0.062)
(0.032)
-0.171
0.063
0.125
-0.005
(0.152)
(0.138)
(0.119)
(0.154)
-5.450**
-3.448*
-3.498
-5.812**
(2.505)
(2.033)
(2.210)
(2.548)
486
599
598
562
∆ln(NOx/Y)

∆ln(S/Energy)
(6) ONE LAG
-0.671***
(0.100)
0.001
(0.001)
0.002
(0.003)
-0.081
(0.074)
-0.785
(0.950)
-0.227**
(0.089)
-0.180**
(0.083)
-0.215**
(0.099)
-0.262***
(0.099)
-0.252**
(0.111)
-0.180**
(0.084)
-0.465***
(0.113)
-0.200**
(0.093)
-0.283***
(0.095)
-0.137
(0.091)
-0.240***
(0.081)
0.063**
(0.031)
0.378***
(0.090)
0.002
(0.001)
-0.242*
(0.140)
0.019
(0.031)
0.000
(0.143)
-5.741**
(2.589)
564

Note: The sample period is 1999-2011 for the NOx and sulfur specifications, and 2001-2011 for the CO2 specifications. The
time-variant regressors in the selection and outcome equations are lagged by one period with respect to the respective
dependent variable. The lag for CAPEX is indicated in row 2 of the above table. The base year for the year dummies is 2003.
COAST and E/Fos are exclusion restrictions. E/Fos: E ∈ {′ CO2′ (𝑚𝑜𝑑𝑒𝑙𝑠 1&2), 'NOx' (models 3&4), 'Sulfur' (models 5&6)}. The
models are estimated using the maximum likelihood estimator. Cluster-robust standard errors (at the municipality level) in
parentheses. *** p<0.01, ** p<0.05, * p<0.1. The LR test of independent equations is rejected in all models, which justifies using
the treatment effects estimator.
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I conjecture that, in addition to the regulatory events already in force, Event 9
(25-percent rise in the NOx charge) and Event 10 (Phase II of ETS) were major
contributing factors in that context, inducing a switch to low-emission fuels as
well as energy efficiency improvements (cf. Sections 4.3 and 4.4.1). This applies
in particular to the 2006-07 and 2008-09, since the PPI’s emission record
improved despite drops in the average price for fossil fuels. In 2007-08, on the
other hand, rises in the fossil fuel price (+21%) can have influenced the outcome
to a larger extent. At the same time, though, the PPI’s pollution abatement costs
and expenditure (PACE) related to air pollution also rose during that period
(+35%), which supports the notion that the above events played a role (see Table
A- I-3). Another interesting fact is that the magnitude of the D07 coefficients is
way larger than that of the D08 and D09 coefficients, which suggests that the
events affecting the 2006-07 reductions in air emission intensities were very
effective in inducing these outcomes.266 Also, one can expect the improvements
in NOx intensities during that period to have been induced by Event 9, the
upcoming 25% rise in the NOx charge in 2008.267 Interestingly, the reductions in
NOx intensity were not significantly larger in 2008-09 compared with the base
period 2002-03. This can have to do with the fact that the PPI, induced by Event
9 and Event 10, to a large degree substituted biofuels for fossil fuels.268
Finally, the period 2010-11, again, saw an across-the-board reduction in air
emission intensities relative to the base year 2002-03, as indicated by the
statistically highly significant coefficients for D11 in models (1) to (6). Section
6.1.3 of Part 1 found that this most likely was achieved by a switch away from
high-emission fossil fuels and biofuels toward low-emission fossil fuels—and
that a rise in the NOx charge (Event 9) and the pine oil tax (Event 11) can have
induced this trend. Moreover, I argued that the reduction in NOx intensity can
have been accomplished by means of end-of-pipe and energy efficiency measures
because between 2010 and 2011, the industry’s air pollution expenditure per ton
output increased by over 100%.269
To sum up, I find confirming evidence for my general hypothesis (H1) that
economic incentive instruments have a positive and dynamic effect on Swedish
pulp and paper plants’ environmental performance by inducing environmental
The by far largest improvements during 2006-07 were achieved for mills’ sulfur intensity.
This might also be due to the fact that during that period, the industry saw a major expansion
of production capacity, which implied tightened standards on the part of environmental courts
(see Figure I-24).
267 This most likely occurred via end-of-pipe measures in the area of NOx control (HöglundIsaksson and Sterner 2009).
268 See Section 6.1.3 of Part 1 and Table A- I-3. Biofuels tend to have a lower emission factor
than fossil fuels (cf. Table I-1), but this factor may not be low enough to cause significant
declines in NOx intensity (Sterner and Turnheim 2009).
269 Expected regulation can also have induced this increase in PACE related to air pollution.
For example, on January 6, 2011 the EU Industrial Emissions Directive came into force. The
directive commits EU member states such as Sweden to further reduce the impact of industrial
emissions on the environment (European Union 2010).
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process innovation. The evidence moreover exceeds the conjectures embodied
in the specific hypotheses in Part 1, Section 6.1.4 (H1a, H1b and H1c).
Decentralized regulatory bias
The Green variable is my third key regressor since it allows me to test Porter’s
postulation that lack of regulator-regulator coordination implies losses of
(dynamic) efficiency, reducing the odds for a ‘double dividend’ of mutual
environmental and economic benefits. I assume a decrease (increase) in Green to
be equivalent to an increased (a reduced) degree of coordination failure between
decentralized and stringent national and less stringent regional elements of
Swedish environmental policy
Models (1) and (2) provide robust evidence of a positive link between the
Green variable and mills’ CO2 intensity: The negative and statistically highly
significant coefficients for Green suggest that a one-percent increase in the Green
Party representation in the Municipal Council, on average, induced a reduction
in mills’ CO2 intensity by 0.5 to 0.6 percent.270 This is equivalent to saying that
a one-percent decrease in Green Party representation—that is, a one-percent
lower local regulatory stringency—on average resulted in an increase in CO2
intensity by the same amount. Although the magnitudes are low, one can still
speak of an at least minor coordination failure between decentralized local
branches of Swedish environmental governance and its centralized national
counterpart may be present, entailing a politically motivated discriminatory
treatment of plants with otherwise equal characteristics (e.g. size). These findings
hence lend support to my hypothesis (H9) that decentralized Swedish
environmental governance has a negative effect on Swedish pulp and paper
plants’ environmental performance by crippling environmental process
innovation.
Control variables
Pode, TOWN, and Pta are the three additional regulatory proxies for stringency
of CAC regulation meant to capture varying stringency through variations in the
sensitivity of the local environment in line with the Swedish BAT approach (cf.
Part 1, Section 6.2.3). The results suggest virtually no impact of Pode and TOWN
on plants’ reductions in emission intensities. Model (3) indicates some impact of
Pta: The negative and statistically highly significant coefficient suggests that a
one-percent increase in the ratio between the protected and total land area in a
paper mill’s municipality, on average, leads to a 0.8 percent larger reduction in
NOx intensity, probably reflecting tightened regulatory standards for those
plants. This marginal effect persists when specifying Pat without lag and with a
two-year lag, respectively, ranging between 0.9 and 1.3 percent. Model (4) and
In this semilog moel, the semielasticity of the logged dependent variable (logged change in
mill’s CO2 intensity) with respect to Green (percentage share of Green Party in mill’s
municipality) equals 100 ∗ 𝛽, where 𝛽 is Green’s coefficient in model (1) and (2), respectively
(Gujarati 2004).
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the remaining models, however, remain insignificant even after varying Pta’s lag
structure. In regards to models (1) and (2), this is less surprising because CO2, as
opposed to sulfur and NOx, does not harm local ecosystems.271
The last variable in the outcome equation is Size. Again, I find only weak
statistical evidence of a relationship between plant size and reductions in plants’
air emission intensities. Moreover, the evidence I find is counterintuitive, as
shown by the positive and statistically highly significant coefficient for Size in
models (5) and (6): an increase in plant size by one person, on average, resulted
in a decrease in the sulfur intensity reduction rate by 4.6 to 6.3. This can be
interpreted as that large plants had their major improvements in this indicator
already in the 1980s and early 1990s, so that small plants have been able to catch
up to the best practice frontier in the area of sulfur abatement.
With regard to the selection equation, I find indeed evidence for CAPEX
being an endogenously determined binary treatment: For one, Pta is highly
significant in almost all specifications, suggesting that, as expected, the higher the
ratio of protected area in a municipality the less likely are mills to expand
production capacity or rather obtain permission from the authorities to do so.
Also, the highly significant coefficient for Size in all specifications shows that, as
hypothesized, large firms are more likely to carry out capacity expansion than
small ones.

4.3 Regulation-induced Clean Technology Innovation
Table II-5 presents estimated regression coefficients for regulation-induced clean
technology innovation at Swedish pulp and paper mills. This type of ecoinnovation, which I proxy by changes in plants’ specific use of fossil fuels and
biofuels is involves deep emission reductions made possible by fundamental
process reconfigurations that, at the same time, enhance resource productivity.272
Hence, it can yield the ‘double dividend’ of mutual economic and environmental
benefits posited by the PH.
CAC regulation through environmental courts via approval of capacity expansions
CAPEX is specified both without lag and with a one-year lag to allow for the
PH’s dynamic nature. My statistically highly significant CAPEX coefficients,
with the expected signs in all models, provide robust evidence in favor of the PH
and its dynamics. An increase in regulatory stringency (CAPEX=1), all else equal,
was associated with an increase in specific biofuel consumption significantly
larger than that of the less strictly regulated plants (CAPEX=0). Increased
regulatory stringency, moreover, induced a fall in specific fossil fuel consumption
The results for the zero-lag and two-year lag Pta variable are available from the author
upon request.
272 See Part 1, Sections 3, 5 and 6.
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significantly larger than that of the less tightly regulated plants. In terms of
marginal effects, models (1) to (4) indicate that, depending on the exact
specification, the median increase in expanding plants’ (CAPEX=1) specific use
of biofuels was between 15 and 21 percent larger than that of non-expanding
plants (CAPEX=0). Relative reductions in expanding plants’ specific use of fossil
fuels were still more pronounced, as shown by models (5) and (6): their median
reduction was between 49 and 55 percent larger than that of non-expanding
plants. Comparing the marginal effects of models (1) to (4) with those of models
(5) and (6), an interesting finding is that reductions in specific fossil fuel
consumption were not completely replaced by increases in specific biofuel
consumption. One reason for this may be energy efficiency growth at expanding
plants (cf. Section 4.4).
The above results are based on conservative cutoff points. The model
diagnostics for models (1) to (6) resulted in cutoff points that involved dropping
the 0.8 percent most extreme observations from the sample. Moreover, as
mentioned, inference is made using CAPEX without lag and with a one-year lag.
To verify the robustness of my results, I re-ran the models without specifying
cutoff points, and using CAPEX with two-year lags, respectively.273
Regarding regulation-induced changes in biofuel use, my first tests involve
maintaining the cutoff point but specifying CAPEX with the two-year lag.
Regression results for the two-year-lagged CAPEX-variable reveal a persistently
positive and statistically significant CAPEX-coefficient in the two models,
suggesting a delayed impact of CAC regulation on plants’ increase in specific
biofuel consumption. A further interesting feature in that context is that the
magnitude of this effect slightly increased with time: The immediate marginal
effect is virtually identical with the one-year lag specification for CAPEX,
ranging between 15 and 21 percent. The coefficient for CAPEX involving a twoyear lag suggests that expanding plants’ median increase in specific use of biofuels
was between 14 and 25 percent higher than that of non-expanding plants.
I repeat the sensitivity checks involving CAPEX, now including the whole
sample. The statistically highly significant results for the zero-, one- and two-year
lags for CAPEX continue to suggest a persistently positive effect of CAC
regulation on expanding plants’ clean (biofuel-based) technology innovation. The
increase in magnitude of these effects during the two years remains as well, and
the magnitude itself is way larger: Expanding plants’ median growth in specific
use of biofuels directly after a capacity expansion was 38 to 49 percent higher
than that of non-expanding plants. One year after expanding capacity, this
relative difference already was between 42 and 51 percent, and two years after a
capacity increase, expanding plants’ corresponding median growth even was
between 49 and 58 percent above that of its non-expanding counterparts. This
lends support to the conjecture that process reconfigurations toward clean
technologies require a larger time frame and are facilitated by predictable und
273

The results are not included in this paper but available from the author upon request.
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uncertainty-reducing policies, for example, in the form of extended compliance
and phase-in periods. These clean (biofuel-based) technology innovations, along
with energy efficiency growth (see Section 4.4), were most likely the key factors
behind mills’ improved emission performance discussed in the previous section.
I did the same robustness checks for models (5) and (6), finding results to be
sensitive to primarily to the CAPEX-time lag specified. Using CAPEX with the
preferred one-year lag, and including all observations, gave me virtually the same
marginal effects as the specification with cutoff points (49 to 57 percent). Yet,
when specifying CAPEX with a zero- or two-year lag, the results were
inconclusive. The respective CAPEX-coefficient either became statistically
insignificant or statistically significant and positive, and the LR test of
independent equations could sometimes not be rejected, suggesting that sample
selection bias is not present. These tendencies persisted irrespective of whether
I used a cutoff point or not.
To sum up, in line with the PH’s postulations, I find confirming evidence for
my research hypothesis (H6) that stringent and well-designed CAC regulations
in the form of flexible performance standards have a dynamic and positive effect
on Swedish pulp and paper plants’ innovation rate regarding clean (biofuelbased) technologies. My econometric findings also confirm my conjecture based
on the descriptive analysis in Part 1, Section 6.2.5 (H2).
Regulation via economic incentive instruments
My findings for the year dummies, the second set of key regressors, show highly
significant coefficients in models (5) and (6) during almost all years studied, but
virtually none in models (1) to (4). This suggests that Swedish regulatory events,
since 1999, in the use of economic incentive instruments tended to induce
reductions in mills’ use of fossil fuels, probably through incremental process ecoinnovations in the form of improved fuel and thermal energy efficiency, rather
than switches to biofuels, which may be facilitated by stringent but flexible CAC
regulation because they may involve more radical and fundamental process
reconfigurations.274 In other words, the deep emission reductions, in particular
with regard to CO2, implied by transitions to biofuel-based clean production
technology were apparently less associated with economic policy instruments but
with CAC regulation in the context of production capacity expansions.
First, the negative and statistically highly significant coefficients for D00 in
models (5) and (6) indicate that mills’ reductions in specific fossil fuel use were
significantly larger during 1999-00 than during the base year 2002-03—which I
found to be a period of relatively low regulatory stringency. This can have been
caused by the upcoming Event 3, and here in particular the 230-percent rise in the
CO2 tax on natural gas, which may have induced investments in energy efficiency
to reduce specific use of fossil fuels (i.e. natural gas).275
See Section 4.4.1 and Sections 5.3 and 6.1 in Part 1.
Substantial increases in the purchase price of fossil fuels during 1999-00 can also have played
a role.
274
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Next, the negative and statistically highly significant coefficients for D02 in
models (5) and (6) imply that mills’ reductions in specific fossil fuel use were
significantly larger during 2001-02 than during the base year 2002-03. The
descriptive evidence in Section 6.1.3 of Part 1 suggests that this can have been
caused by a major industry switch to biofuels; yet the insignificant coefficients
for D02 in specifications (1) to (4) do not confirm this conjecture. Moreover,
neither the descriptive results from Part 1 nor the econometric findings in
Section 4.4.1 lend support to the conjecture that improvements in fuel and
thermal energy efficiency were the driving force behind the results for D02.
Neither appear increases in the purchase price for fossil fuels to have been
involved, given their drop during 2001-02 (cf. Table A- I-3). Based on my
descriptive findings, and inspite of not being visible in the D02-regression
coefficients in models (1) to (4), I conclude that mills, most likely in reaction to
Event 3 (i.e. the 230-percent rise in the CO2 tax) and Event 4, increasingly
switched to clean biofuel-based technologies and away from dirtier fossil fuel
technologies.276277
In Section 4.2, I argued that the year 2003-04 marks the beginning of a
favorable period in terms of the PPI’s air emission performance, and I provided
evidence that this trend was significantly influenced by Swedish economic
incentive instruments, most notably Event 5 (ECS), Event 6 (government grants
for a clean an efficient energy supply), and Event 7 (the EU Emission Trading
Scheme). The fact that the PPI’s air pollution expenditure relative to total output
rose dramatically between 2003 and 2005 provides a first indication of this causal
relationship (see Table A- I-3). The negative and statistically highly significant
coefficients for D04 in models (5) and (6), along with the insignificant D04coefficients in models (1) to (4) suggest that this environmentally benign
transition was initially fuelled by energy efficiency growth. This process
continued in 2005, now spurred not only by improvement in energy efficiency
(cf. Section 4.4.1 and Table A- I-3) but also by clean (biofuel-based) technology
innovation. This conjecture is supported by the negative coefficients for D05 in
models (5) and (6), and by the positive D05-coeffiients in models (1) to (4), which
all are statistically highly significant.278
The statistically highly significant D07, D08 and D09 dummies in models (5)
and (6) confirm my finding in Section 4.2 (as well as that in Part 1, Section 6.1.3)
that the PPI’s environmentally benign transition continued throughout the
Event 4: “Sulfur content in fuel oils needs 100% reduction to be eligible for exemption from
sulfur tax (2002).”
277 The favorable developments regarding mills’ specific use of fossil fuels might also have been
influenced by CAC regulation given major capacity expansions in the PPI during 1999-00 and
2001-02 (cf. Part 1, Section 6.2.5).
278 Major increases in the average fossil fuel price during 2004-05 most likely also influenced
the D05 results (cf. Part I, Section 6.1.3). Moreover, Section 6.2 of Part I revealed that in 200405 the industry massively expanded production capacity. This, as argued, usually implies
tightened ELVs stipulated by CAC regulation, and can also have induced falls in specific fossil
fuel use via energy efficiency improvements or clean (biofuel-based) technology innovation.
276
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period 2006-07 to 2008-09: plants’ median reductions in specific use of fossil
fuels during that period were significantly larger than those during the base year
2002-03. As argued in the previous section, Event 9 (25-percent rise in the NOx
charge) and Event 10 (Phase II of ETS) as well as the regulatory events already in
force (notably Events 5 and 6), were major contributing factors in that context, in
particular during 2006-07 and 2008-09, since specific fossil fuel use fell despite
drops in the average price for fossil fuels. In 2007-08, on the other hand, rises in
the fossil fuel price (+21%) can have influenced the outcome to a larger extent.
At the same time, though, the PPI’s PACE related to air pollution rose as well
during that period (+35%), which supports the notion that the above events
played a role (see Table A- I-3). Another interesting fact is that the magnitude of
the D07 coefficients is way larger than that of the D08 and D09 coefficients. This
confirms my findings in the previous section, suggesting that that the events
affecting the 2006-07 reductions in specific fossil fuel use (most likely Events 9
and 10) were very effective in inducing this outcome.279 Regulation-induced
reductions in plants’ specific use of fossil fuels via economic incentive
instruments can have occurred in two major ways: a switch to biofuels and/or
energy efficiency growth. The former is suggested by Table A- I-3, yet not
confirmed by models (1) to (4). Section 4.4.1 indicates that these results appear
to have been induced by improvements in fuel and thermal energy efficiency.280
Finally, I find weak evidence that reductions in specific use of fossil fuels
during 2010-11 were larger than those during 2002-03. Table A- I-3 suggests that
this can be due to energy efficiency growth. The econometric evidence in Section
4.4.1 supports this conjecture. Rises in the NOx charge (Event 9) and the pine oil
tax (Event 11) can have induced this trend. This conjecture is supported by the
fact that the industry’s air pollution expenditure per ton output increased by over
100 percent during that year. Moreover, one cannot discard that rises in the price
of fossil fuels have played in (see Table A- I-3).

Another reason might be that, during 2006-07, the industry saw a major expansion of
production capacity, which can have entailed reductions in specific fossil fuel use via energy
efficiency measures (see Figure I-24).
280 The favorable developments regarding mills’ specific use of fossil fuels might also have been
influenced by CAC regulation given major capacity expansions in the PPI during 2006-07 (cf.
Part 1, Section 6.2.5).
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Table II-5. Estimated regression coefficients for change in specific fossil
fuel and biofuel consumption at Swedish pulp and paper plants
DEP VAR

∆ln(Bio/Y)
(1) NO LAG

CAPEX

0.192***
(0.028)

Pode

-0.000
(0.000)
0.001***
(0.000)
-0.001
(0.011)
-0.081
(0.267)

Green
TOWN
Pta
D00
D01
D02
D04
D05
D06
D07
D08
D09
D10
D11

0.003
(0.036)
0.020
(0.036)
-0.026
(0.019)
-0.013
(0.026)
0.036**
(0.015)
0.012
(0.031)
0.009
(0.020)
0.007
(0.018)
-0.006
(0.020)
0.010
(0.026)
-0.003
(0.023)

ln(Size)

-0.010
(0.011)

ln(Size)

0.356***
(0.096)
0.002*
(0.001)
-0.139
(0.142)
0.003
(0.038)
-0.131
(0.133)
-6.308**
(2.987)
448

Pode
TOWN
ln(S/Fos)
COAST
Pta
#Obs

∆ln(Bio/Energy)

∆ln(Fos/Y)

(2) ONE LAG
(3) NO LAG
(4) ONE LAG
(5) ONE LAG
CAC regulation – environmental courts
0.172***
0.138***
0.143***
-0.814***
(0.030)
(0.028)
(0.028)
(0.108)
CAC regulation – courts & decentralized operative enforcement
-0.000
-0.000
-0.000
0.001
(0.000)
(0.000)
(0.000)
(0.001)
0.002***
0.001**
0.001**
-0.003
(0.000)
(0.000)
(0.000)
(0.004)
-0.003
0.002
0.001
-0.071
(0.010)
(0.008)
(0.008)
(0.059)
-0.087
0.091
0.117
-1.334
(0.210)
(0.222)
(0.197)
(0.861)
Economic incentive instruments
-0.032
-0.037
0.005
-0.489***
(0.045)
(0.047)
(0.036)
(0.132)
0.045
0.003
0.011
0.068
(0.036)
(0.021)
(0.020)
(0.072)
-0.010
-0.015
-0.024
-0.157**
(0.030)
(0.032)
(0.019)
(0.071)
-0.039
-0.040
-0.014
-0.298***
(0.036)
(0.039)
(0.024)
(0.091)
0.059***
0.057***
0.032**
-0.379***
-0.039
(0.019)
-0.024
(0.129)
0.017
0.012
0.012
-0.002
(0.031)
(0.016)
(0.017)
(0.078)
0.013
0.015
0.009
-0.366***
(0.030)
(0.032)
(0.020)
(0.135)
0.033
0.028
0.007
-0.168*
(0.023)
(0.025)
(0.017)
(0.097)
0.002
-0.006
-0.003
-0.251**
(0.034)
(0.035)
(0.020)
(0.108)
0.015
-0.009
-0.010
-0.095
(0.024)
(0.017)
(0.018)
(0.093)
0.002
-0.016
-0.014
-0.163*
(0.021)
(0.021)
(0.020)
(0.094)
Regulation & plant characteristics
-0.012
-0.003
-0.006
0.052
(0.009)
(0.008)
(0.008)
(0.032)
SELECTION EQUATION (DEPENDENT VARIABLE: CAPEX)
0.390***
0.370***
0.418***
0.411***
(0.107)
(0.103)
(0.117)
(0.080)
0.003***
0.003**
0.003***
0.000
(0.001)
(0.001)
(0.001)
(0.001)
-0.177
-0.137
-0.175
-0.068
(0.156)
(0.125)
(0.145)
(0.104)
-0.027
0.017
-0.030
-0.044**
(0.048)
(0.049)
(0.053)
(0.019)
-0.048
-0.109
0.006
0.153
(0.160)
(0.116)
(0.138)
(0.100)
-6.204**
-6.014*
-6.692**
-3.679*
(2.725)
(3.142)
(2.694)
(2.070)
448
449
448
586

∆ln(Fos/
Energy)
(6) ONE LAG
-0.680***
(0.108)
0.000
(0.001)
-0.004
(0.004)
-0.052
(0.056)
-0.601
(0.700)
-0.410***
(0.120)
0.039
(0.069)
-0.141**
(0.070)
-0.249***
(0.088)
-0.331***
(0.103)
-0.091
(0.091)
-0.306**
(0.124)
-0.206**
(0.098)
-0.200**
(0.099)
-0.096
(0.093)
-0.162*
(0.090)
0.045
(0.030)
0.430***
(0.084)
0.000
(0.001)
-0.122
(0.108)
-0.051**
(0.021)
0.144
(0.104)
-2.668
(2.023)
582

Note: The sample period is 1999-2011. The time-variant regressors in the selection and outcome equations are lagged
by one period with respect to the respective dependent variable. The lag for CAPEX is indicated in row 2 of the above
table. The base year for the year dummies is 2003. COAST and S/Fos are exclusion restrictions. The models are estimated
using the maximum likelihood estimator. Cluster-robust standard errors (at the municipality level) in parentheses. ***
p<0.01, ** p<0.05, * p<0.1. The LR test of independent equations is rejected in all models, which justifies using the
treatment effects estimator.
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To sum up, I find confirming evidence for my general hypothesis (H2) that
economic incentive instruments have a positive and dynamic effect on clean
technology adoption at Swedish pulp and paper plants by inducing
environmental process innovation. The evidence moreover broadly confirms the
conjectures embodied in the specific hypotheses in Part 1, Section 6.1.4 (H2a,
H2b ).
Decentralized regulatory bias, control variables, and selection equation
My estimation results reveal a positive, albeit weak, and statistically significant
coefficient for Green in models (1) to (4): a one-percent rise in Green Party
representation in the Municipal Council increased, on average, plants’ specific
use of biofuels by 0.1 to 0.2 percent, depending on whether the zero-lag or oneyear-lag specification is used. In other words, the growth rate of clean biofuelbased technology innovation is positively affected by an increased local political
influence by the Green Party, most likely because it implies higher regulatory
stringency regarding CAC inspection and enforcement at the local level
compared with more business-friendly parties. Analogously, the stronger the
local influence of such business-friendly parties relative to that of the Green
party, the lower regulatory stringency, which results in a lower growth rate of
biofuel-based technology innovation. Hence, despite the low magnitude of the
marginal effects implied by Green in models (1) to (4), one can nevertheless
conclude that the lower the Green Party’s local weight, the more difficult it
becomes to align the medium to long-term dynamic efficiency and ‘win-win’
objectives of national CAC regulation with potentially conflicting political goals
(e.g. secure jobs in the short run, general business friendliness) at the local level.
I therefore find confirming evidence for my hypothesis (H10) that lack of
regulator-regulator coordination implies losses of (dynamic) efficiency, reducing
the odds for a ‘double dividend’ of mutual environmental and economic
benefits—as a result of adopting clean biofuel-based technologies.281

4.4 Regulation-induced Innovation Offsets
Sections 4.2 and 4.3 analyzed relationships that could be viewed as evidence in
favor of the ‘weak’ version of the PH, given that I did not explicitly test for
Porterian ‘innovation offsets’. The empirical literature links such offsets to the
PH’s ‘strong’ version, which broadly involves testing the link between
environmental regulation and performance indicators at the firm-level (or at
Pode, TOWN, Pta, and Size, my control variables for CAC regulation and plant
characteristics (Size) turned out to be insignificant. With regard to the selection equation, the
results again suggest that CAPEX is an endogenously determined binary treatment. First, Pta
and Size are statistically highly significant in virtually all specification. Moreover, I find weak
evidence that, as expected, plants in more densely populated areas, as well as plants with a
lower sulfur consumption per TJ fossil fuels are more likely to expand production capacity.
281
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more aggregated levels). In the present section I shift my empirical focus to the
‘strong’ version, by explicitly examining whether Swedish environmental
regulation has induced innovation offsets at Swedish pulp and paper plants. At
the same time, it is important to point out that I, strictly speaking, do not
contribute to the PH’s ‘strong’ but its ‘narrow’ version given that my econometric
specifications allow me to test the performance impact of ‘well-designed’
regulations in the Porterian sense282

4.4.1

Regulation-induced Change in Fuel and Thermal
Energy Efficiency

Table II-6 reports estimated regression coefficients for regulation-induced
innovation offsets at Swedish pulp and paper mills—proxied by improvements
in fuel and thermal energy efficiency. I also include plants’ changes in total energy
efficiency, although this parameter is somewhat less relevant from an
environmental viewpoint. This is because it includes the PPI’s purchased
electricity, which is not of major importance for the regulatory authorities.
Nevertheless, since total energy use is dominated by use of fuel and thermal
energy, it might still be useful to include this indicator. 283
CAC regulation through environmental courts via approval of capacity expansions
The regression results for the six models presented in the table below involve
specifications for CAPEX without lag and with a one-year lag to allow for the
PH’s dynamic nature. My statistically highly significant CAPEX coefficients
provide robust evidence in favor of the PH and its dynamics. An increase in
regulatory stringency (CAPEX=1), all else equal, was associated with energy
efficiency growth significantly larger than that of the less strictly regulated plants
(CAPEX=0). This effect kicked in directly after capacity expansions, and
continued to linger on for one year, as suggested by models (2), (4) and (6). The
only exception is model (1), which displays a positive coefficient for CAPEX,
indicating that CAC regulation does not trigger immediate improvements in
overall energy efficiency. This can be due to uncertainty-reducing time strategies
(e.g. in the form of probation periods) aimed at ensuring that plants get the time
and flexibility needed to adopt energy-efficient technologies and optimize their
use via learning effects. Moreover, since the immediate effect regarding CAPEX
in models (3) and (5) is negative, the positive CAPEX-coefficient in model (1)
may also have to do with plants’ increased electricity demand directly after a
capacity expansion, which tends to be controlled less by the authorities (see also
Section 4.4.2).

See Part 1, Section 3. See also Sections 1 and 2 of this article.
Purchased electricity makes up around 75 percent of the PPI’s net electricity consumption
(see Part 1, Section 5.3). See also Section 4.4.2.
282
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In terms of marginal effects, models (3) to (6) indicate that, depending on the
exact specification, median growth in expanding plants’ (CAPEX=1) fuel and
thermal energy efficiency was between 32 and 47 percent higher than that of nonexpanding plants (CAPEX=0). Models (1) and (2) show that relative growth in
expanding plants’ total energy efficiency was less pronounced, probably due to
the dampening effect of an increased consumption of electricity after expanding
capacity: median growth one year after expanding capacity was between 11
percent higher than that of non-expanding plants, and median growth
immediately after capacity expansions even was 10 percent lower compared with
non-expanding plants.284 Comparing the marginal effects of the respective zeroand one-year lag models, an interesting finding is that expanding plants’ relative
energy efficiency growth was lowest directly after capacity expansions,
accelerating one year later. This again suggests that process reconfigurations need
time to materialize, with the regulatory authorities having an important role in
stimulating this process by means of extended compliance periods.
The above results are based on conservative cutoff points. The model
diagnostics for models (1) and (2) resulted in cutoff points that involved
dropping the 3.7 percent most extreme observations from the sample. In models
(3) and (4) (5 and 6), I dropped the 0.5 percent (0.6 percent) most extreme
observations. Moreover, inference is made using CAPEX without lag and with
a one-year lag. To verify the robustness of my results, I re-ran the models without
specifying cutoff points, and using CAPEX with two-year lags, respectively.285
My first tests involve maintaining the cutoff point while specifying CAPEX
with the two-year lag. For total energy efficiency growth, the results yield a
positive and statistically significant CAPEX-coefficient: Expanding plants’
median growth of total energy efficiency two years after capacity expansion was
11 percent lower than that of non-expanding plants at the same point in time; a
finding very much in line with that from model (1).
Results for growth in fuel and thermal energy efficiency based on CAPEX
lagged by two years now also show some evidence of a negative effect of CAC
regulation: The specification using ∆ln(FuTh/Energy) as dependent variable
suggests that median growth in expanding plants’ fuel and thermal energy
efficiency was 42 percent lower two years after expanding capacity than that of
non-expanding plants at the same point in time, whereas the model involving
∆ln((FuTh/Y) provided insignificant results.
To build further confidence in the regression results, I re-specify CAPEX
with zero, one and two lags, this time including extreme observations. The
previous result patterns are confirmed, with the marginal effects increasing
somewhat in magnitude. As for total energy efficiency growth, the oscillating
pattern remains: expanding plants’ median growth of total energy efficiency when
compared with that of non-expanding plants was 15 percent lower directly after
As shall be seen below, the fact that I dropped more observations from the sample in
models (1) and (2) relative to models (3) to (6) does not influence the results.
285 The results are not included in this paper but available from the author upon request.
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capacity expansions, 13 percent higher one year later, and 16 percent lower two
years later. With regard to growth in fuel and thermal energy efficiency,
expanding plants median increase in that indicator, relative to non-expanding
plants, was 40 to 42 percent higher immediately after capacity expansions and 47
to 49 percent higher one year later. Expanding plants’ median growth after two
years, however, again was significantly (between 65 and 68 percent) lower than
that of their non-expanding counterparts.
Interpreting these not completely straightforward regression results seems
somewhat tricky. One conceivable explanation involves, in a first step, recalling
of which variables the PPI’s total energy use as well as fuel and thermal energy
use are composed. While the latter is largely made up of biofuel consumption,
and less and less fossil fuel consumption, total energy use is determined by fuel
and thermal energy use (and hence primarily biofuel consumption) as well as
electricity use (mostly purchased). Against that backdrop, a possible reason for
why expanding plants’ relative fuel and thermal energy efficiency growth is higher
within the first year, and lower two years after capacity expansions is that they
first might focus on reducing fossil fuel consumption by embarking on
immediate improvement measures related to fuel and thermal energy efficiency.
Parallel to that, they increasingly resort to clean biofuel-based technology
innovation (see Section 4.3).286
As argued, such more fundamental process reconfigurations potentially
require a longer time horizon, benefitting from extended compliance periods
granted by the regulatory authorities. Biofuels tend to worsen plants’ energy
efficiency record because their purchase price is low (in the case of chemical pulp
mills they are even free by-products of production) and environmentally benign.
Still, it would be misleading to interpret expanding plants’ lower relative growth
in fuel and thermal energy efficiency two years after capacity expansions as
evidence against CAC regulation’s ability to induce innovation offsets. Clean
biofuel-based technologies themselves imply innovation offsets due to biofuels’
low-cost nature. By contrast, the fact that, on top of that, expanding plants’
growth in total energy efficiency directly after capacity expansions is lower than
that of non-expanding plants could be explained by an increased use of electricity
as a result of expanding capacity—which can cripple total energy efficiency
growth
To sum up, I find confirming evidence, in line with the PH’s suggestions, for
my research hypothesis (H7) that stringent and well-designed CAC regulations
in the form of flexible performance standards induce innovation offsets at
Swedish pulp and paper plants via environmental process innovation. My
econometric findings also confirm my conjecture based on the descriptive
analysis in Part 1, Section 6.2.5 (H3).
My findings in Section 4.4.2 suggest that lower growth of electricity efficiency at expanding
plants might be an additional determining factor behind expanding plants’ lower growth of
total energy efficiency.
286
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Table II-6. Estimated regression coefficients for fuel and thermal energy
efficiency growth at Swedish pulp and paper plants
DEP
VAR
CAPEX
Pode
Green
TOWN
Pta
D00
D01
D02
D04
D05
D06
D07
D08
D09
D10
D11

∆ln(Energy/Y)
(1) NO LAG
(2) ONE LAG
0.096***
(0.012)
0.000
(0.000)
0.000
(0.000)
0.007
(0.011)
0.024
(0.136)
-0.030
(0.019)
-0.001
(0.019)
-0.006
(0.019)
-0.043**
(0.017)
-0.001
(0.016)
-0.008
(0.016)
-0.019
(0.017)
0.002
(0.013)
-0.006
(0.020)
-0.001
(0.016)
-0.007
(0.016)

ln(Size)

-0.007
(0.006)

ln(Size)

0.210*
(0.118)
0.002
(0.002)
-0.184
(0.160)
0.069
(0.061)
-0.022
(0.138)
-6.652**
(2.722)
599

Pode
TOWN
ln(NOx/Fos)
COAST
Pta
#Obs

∆ln((FuTh/Y)
∆ln(FuTh/Energy)
(3) NO LAG
(4) ONE LAG
(5) NO LAG
(6) ONE LAG
CAC regulation – environmental courts
-0.115***
-0.506***
-0.628***
-0.383***
-0.511***
(0.014)
(0.102)
(0.137)
(0.118)
(0.124)
CAC regulation – courts & decentralized operative enforcement
0.000***
0.000
0.000
-0.000
-0.000
(0.000)
(0.000)
(0.000)
(0.000)
(0.000)
0.001
0.001
0.003
0.001
0.002
(0.000)
(0.002)
(0.002)
(0.002)
(0.002)
-0.001
-0.001
0.002
-0.027
-0.026
(0.007)
(0.020)
(0.024)
(0.031)
(0.040)
-0.294***
-0.612
-0.564
-0.101
-0.020
(0.091)
(0.395)
(0.370)
(0.415)
(0.444)
Economic incentive instruments
-0.035*
-0.327***
-0.305***
-0.276**
-0.259***
(0.018)
(0.121)
(0.099)
(0.110)
(0.093)
0.002
-0.020
-0.015
-0.038
-0.039
(0.019)
(0.064)
(0.066)
(0.063)
(0.064)
-0.003
-0.093
-0.103
-0.070
-0.077
(0.018)
(0.067)
(0.075)
(0.055)
(0.061)
-0.043***
-0.257***
-0.254***
-0.198***
-0.198***
(0.016)
(0.080)
(0.078)
(0.073)
(0.072)
-0.004
-0.314***
-0.296***
-0.260***
-0.248***
(0.016)
(0.121)
(0.110)
(0.090)
(0.083)
-0.010
-0.018
-0.037
-0.012
-0.025
(0.016)
(0.080)
(0.084)
(0.069)
(0.070)
-0.024
-0.261***
-0.285***
-0.229***
-0.243***
(0.016)
(0.082)
(0.090)
(0.076)
(0.082)
-0.001
-0.070
-0.066
-0.076
-0.070
(0.014)
(0.080)
(0.087)
(0.074)
(0.080)
-0.002
-0.103**
-0.113**
-0.109***
-0.120***
(0.020)
(0.045)
(0.046)
(0.039)
(0.044)
-0.001
-0.123**
-0.122*
-0.105**
-0.105*
(0.016)
(0.060)
(0.066)
(0.052)
(0.057)
-0.002
-0.165***
-0.164***
-0.151***
-0.152***
(0.014)
(0.053)
(0.056)
(0.048)
(0.053)
Regulation & plant characteristics
0.010***
0.036*
0.056**
0.023
0.041**
(0.004)
(0.018)
(0.024)
(0.018)
(0.020)
SELECTION EQUATION (DEPENDENT VARIABLE: CAPEX)
0.323***
0.194*
0.258**
0.193
0.253**
(0.108)
(0.115)
(0.108)
(0.119)
(0.112)
0.001
0.001
0.001
0.001
0.001
(0.001)
(0.002)
(0.002)
(0.002)
(0.002)
-0.080
-0.183
0.001
-0.232*
-0.138
(0.116)
(0.117)
(0.002)
(0.132)
(0.113)
-0.085
0.020
0.037
0.024
0.041
(0.056)
(0.063)
(0.048)
(0.068)
(0.049)
0.202
0.105
0.105
0.114
0.095
(0.130)
(0.132)
(0.101)
(0.138)
(0.110)
-3.338
-4.114
-5.084*
-3.998
-3.244
(2.371)
(2.926)
(2.773)
(2.946)
(3.176)
596
615
612
615
611

Note: The sample period is 1999-2011. The time-variant regressors in the selection and outcome equations are lagged
by one period with respect to the respective dependent variable. The lag for CAPEX is indicated in row 2 of the above
table. The base year for the year dummies is 2003. COAST and NOx/Fos are exclusion restrictions. The models are
estimated using the maximum likelihood estimator. Cluster-robust standard errors (at the municipality level) in
parentheses. *** p<0.01, ** p<0.05, * p<0.1. The LR test of independent equations is rejected in all models, which
justifies using the treatment effects estimator.
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Regulation via economic incentive instruments
My findings for the year dummies, the second set of key regressors, show highly
significant coefficients in models (3) and (6) during the majority of years studied,
but almost none in models (1) to (2). This can be interpreted as that Swedish
regulatory events, since 1999, in the use of economic incentive instruments
tended to induce incremental process eco-innovations in the form of improved
fuel and thermal energy efficiency at Swedish pulp and paper plants—in an
attempt to reduce plants’ specific use of fossil fuels (cf. Section 4.3). The largely
insignificant results in models (1) and (2), on the other hand, might result from
the fact that total energy efficiency is more strongly determined by plants’ specific
use of purchased electricity (i.e. electricity efficiency), which is not regulated and
therefore should not be responsive to the events in the use of Swedish economic
incentive instruments (cf. Part 1, Section 6.1).287
First, the negative and statistically highly significant coefficients for D00 in
models (3) and (6) indicate that mills’ growth in fuel and thermal energy efficiency
was significantly larger during 1999-00 than during the base year 2002-03—a
period of relatively low regulatory stringency. This can have been caused by the
upcoming Event 3, and here in particular the 230-percent rise in the CO2 tax on
natural gas, which may have induced investments in energy efficiency to reduce
specific use of fossil fuels (i.e. natural gas).288
As argued, the year 2003-04 marks the beginning of a favorable period in
terms of the PPI’s air emission performance, and I provided evidence that this
trend was significantly influenced by Swedish economic incentive instruments,
most notably Event 5 (ECS), Event 6 (government grants for a clean an efficient
energy supply), and Event 7 (the EU Emission Trading Scheme). The fact that
the PPI’s air pollution expenditure relative to total output rose dramatically
between 2003 and 2005 provides a first indication of this causal relationship (see
Table A- I-3). The negative and statistically highly significant coefficients for D04
in all models suggest that this environmentally benign transition was fuelled by
energy efficiency growth, in particular growth of fuel and thermal energy
efficiency. This process continued in 2005 as evidenced by the negative and
statistically significant D05-coefficients in models (3) to (6), although substantial
increases in the price of fossil fuels can have been a contributing factor (cf. Table
A- I-3).
The statistically highly significant dummies For D07 and D09 in models (3)
to (6) confirm my finding in Section 4.2 (as well as that in Part 1, Section 6.1.3)
that the PPI’s environmentally benign transition continued throughout the
period 2006-07 to 2008-09: plants’ median growth of fuel and thermal energy
By contrast, electricity produced on-site using fossil fuels is subject to those economic
incentive instruments. It however only accounts for about 25 percent of plants’ total electricity
demand (see Section 4.4.2 and Part 1, Section 5.3).
288 Substantial increases in the purchase price of fossil fuels during 1999-00 can also have played
a role.
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efficiency during that period was significantly larger than that during the base
year 2002-03. As argued in the previous sections, Event 9 (25-percent rise in the
NOx charge) and Event 10 (Phase II of ETS) as well as the regulatory events
already in force (notably Events 5 and 6), were major contributing factors in that
context, all the more because the average price for fossil fuels dropped during
those two years. Another interesting fact is that the magnitude of the D07
coefficients is way larger than that of the D09 coefficients. This confirms my
findings in the previous two sections, suggesting that that the events affecting
the 2006-07 growth in fuel and thermal energy efficiency (most likely Events 9
and 10) were very effective in inducing this outcome.289
Finally, models (3) to (6) provide robust evidence that plant growth of fuel
and thermal energy efficiency during 2009-10 and 2010-11 was larger than those
that 2002-03. Rises in the NOx charge (Event 9) and in the pine oil tax (Event 11)
can have induced this trend. The fact that the PPI’s air pollution expenditure per
ton output increased by over 100 percent during 2010-11 supports this
conjecture. Moreover, one cannot discard that rises in the price of fossil fuels
have played in both years (see Table A- I-3).
To sum up, I find confirming evidence for my general hypothesis (H3) that
economic incentive instruments induce innovation offsets at Swedish pulp and
paper plants via environmental process innovation. The evidence moreover
broadly confirms the conjectures embodied in the specific hypotheses in Part 1,
Section 6.1.4 (H3).
Decentralized regulatory bias, control variables, and selection equation
I do not find evidence that plants’ energy efficiency growth is positively affected
by an increased local political influence by the Green Party, which, as argued, is
assumed to imply higher regulatory stringency regarding CAC inspection and
enforcement at the local level compared with more business-friendly parties.
Hence, my empirical results cannot back up my initial conjecture that the lower
the Green Party’s local weight, the more difficult it becomes to align the medium
to long-term dynamic efficiency and ‘win-win’ objectives of national CAC
regulation with potentially conflicting political goals (e.g. secure jobs in the short
run, general business friendliness) at the local level. I therefore do not find
explicit confirming evidence for my hypothesis (H11) that lack of regulatorregulator coordination implies losses of (dynamic) efficiency, reducing the odds
for a ‘double dividend’ of mutual environmental and economic benefits in the
form of increased energy efficiency.
Pode, TOWN and Pta, my control variables for CAC regulation turned out to
be insignificant in virtually all specifications. By contrast, the coefficients for Size,
my control variable for CAC regulation and plant characteristics, tended to be
positive and statistically highly significant, suggesting that energy efficiency at
larger plants improved at a significantly slower rate than that at smaller plants.
Another reason might be that, during 2006-07, the industry saw a major expansion of
production capacity, which can have entailed energy efficiency growth as well (see Figure I-24).
289
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This is contrary to my expectations, but might be explained by the fact that larger
plants already are very (environmentally) efficient, so that not least the regulatory
authorities have an interest in making smaller plants catch up in terms of
efficiency relative to their larger counterparts.
With regard to the selection equation, the results again suggest that CAPEX
is an endogenously determined binary treatment. First, Size is statistically highly
significant in almost all specifications. Moreover, I find weak evidence that, as
expected, plants in more protected areas are more likely to expand production
capacity (cf. the Pta-coefficients in models 1 and 4).

4.4.2

Regulation-induced Change in Electricity and Process
Water Efficiency

Table II-7 reports the estimated regression coefficients for regulation-induced
innovation offsets at Swedish pulp and paper mills—now proxied by
improvements in electricity efficiency as well as process water efficiency.290
Before discussing the results, a brief outline of the extent to which inducing
reductions in the PPI’s electricity use matters from a regulatory perspective is
warranted.291The PPI’s total use of energy is largely driven by its net use of fuels
and thermal energy, which accounts for over 70 percent of the PPI’s total energy
requirements. Net electricity consumption stands for the remaining 30 percent.
The lion’s share, roughly 75 percent, of the PPI’s net electricity demand is
covered by external electricity supplies. Electricity generated off-site stems from
clean energy sources, which makes it a less important parameter from a regulatory
perspective.292. The PPI’s continued dependency on external electricity is costly,
however, given that the purchase price for electricity has skyrocketed, increasing
by 81% between 1998 and 2008. Hence, consumption changes in that indicator
tend to reflect changes in the purchase price of electric power, rather than
environmental regulation. This is not to say, however, that the PPI’s electricity
use is completely off the regulatory radar. What matters for the regulatory
authorities, in principle, are the remaining 25 percent of consumed electricity,
which traditionally have been produced using harmful fossil fuels. Increasing onsite electricity production, primarily by means of burning biofuels, is part of this
equation because in addition to being environmentally benign, electricity tends
to be produced in a more efficient way. In the Swedish PPI, in 2011, around 25
Process water efficiency is another type of efficiency indicator in a pulp and paper mill. I
did not explicitly discuss water-related efficiency improvements in Part I of my thesis; yet it is
worth including this indicator in the regression analysis to find further evidence for or against
Porter’s notion that well-designed environmental regulations detect inefficiencies in
companies, stimulating innovation and innovation offsets.
291 The discussion draws heavily upon Part 1, Sections 5.3 and 6.1.
292 In fact, 95 percent of the PPI’s external electricity demand is based on nuclear power,
biofuels and wind power, which means a reduced environmental footprint (cf. Part 1, Section
5.3)
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percent of the industry’s electricity demand was satisfied by electric power
produced on-site, compared with around 20 percent in 1999 (see Figure I-12).
The same figure shows that this transition also has resulted in innovation offsets
for the industry (beyond those obtained from relying on cheap biofuels for
electricity production) in the form of extra revenues from selling excess electricity
to external consumers.
CAC regulation through environmental courts via approval of capacity expansions
The regression results for the six models in Table II-7 are based on specifications
for CAPEX without lag and with a one-year lag to allow for the PH’s dynamic
nature. Starting with the models involving process water efficiency change, my
statistically highly significant CAPEX coefficients in models (5) and (6) provide
robust evidence in favor of the PH and its dynamics: An increase in regulatory
stringency (CAPEX=1), all else equal, was associated with an increase in process
water efficiency significantly larger than that of the less strictly regulated plants
(CAPEX=0). This effect materialized directly after capacity expansions, and
continued to persist for one year. In terms of marginal effects, models (5) and (6)
indicate that median growth of expanding plants’ (CAPEX=1) process water
efficiency was about 19 percent higher than that of non-expanding plants
(CAPEX=0) within the first year after capacity expansions. These results are
based on cutoff points that involved dropping the 0.36 percent most extreme
observations from the sample. They are robust to including these extreme values,
with the CAPEX coefficients indicating slightly higher marginal effects (23
percent higher relative growth of process water efficiency at expanding plants).293
Comparing process water efficiency of expanding and non-expanding plants two
years after capacity expansions reveals a different picture though. Now the
coefficient sign for CAPEX is reversed: expanding plants’ median growth of
process water efficiency was 20 percent below that of their non-expanding
counterparts. This result, however, only held when considering the above cutoff
point. When including the most extreme values, the CAPEX-coefficient turned
insignificant.294 While my findings for CAPEX involving the two-year lag are
somewhat inconclusive, one explanation for the reversed CAPEX-coefficient
could be that plants’ actual expansion of production after an increase in
production capacity may occur gradually and potentially entail deteriorations in
process water efficiency, for example, when the increase in water consumption
due to output growth exceeds output growth itself. This, however, has not been
tested for in the present investigation.
As for the model results involving electricity efficiency change, my statistically
highly significant CAPEX coefficients in models (1) to (4) provide evidence in
favor of the PH’s dynamic nature: An increase in regulatory stringency
(CAPEX=1), all else equal, was first associated with lower growth of expanding
plants’ electricity efficiency relative to the less strictly regulated plants
293
294

The results are available from the author upon request.
The results are available from the author upon request.
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(CAPEX=0). In terms of marginal effects, models (1) and (3) indicate that
median growth of expanding plants’ (CAPEX=1) electricity efficiency was
between 26 and 29 percent lower than that of non-expanding plants (CAPEX=0)
directly after capacity expansions. One year later, the effect reversed; increased
regulatory stringency now resulted in higher growth of expanding plants’
electricity efficiency relative to the less strictly regulated plants. In terms of
marginal effects, models (2) and (4) indicate that median growth of expanding
plants’ electricity efficiency was between 19 and 20 percent higher than that of
non-expanding plants one year after capacity expansions. These results are based
on cutoff points that involved dropping the 0.12 percent most extreme
observations from the sample. They continue to hold when including the most
extreme observations, with almost identical magnitudes.295
To examine the robustness of my results, I specify CAPEX with a two-year
lag, using the above cutoff point. The results yield a positive and statistically
significant CAPEX-coefficient suggesting that expanding plants’ median growth
of electricity efficiency two years after capacity expansions was 27 percent lower
than that of non-expanding plants at the same point in time. This finding is
somewhat inconclusive, though, since the CAPEX-coefficient turns insignificant
when including all observations, and, on top of that, selection bias is no longer
present (as indicated by the LR test). Nevertheless, this oscillating pattern as
regards the CAPEX-coefficient when moving from the zero-lag to the two-year
lag specification is very much in line with that from the previous section where I
examined expanding plants’ total energy efficiency growth.296 One reason could
be that, in line with my argumentation regarding growth of process water
efficiency, plants’ actual expansion of production after an increase in production
capacity may occur gradually and potentially entail deteriorations in electricity
efficiency, for example, when the increase in electricity consumption due to
output growth exceeds output growth itself. This may happen if plants, after a
capacity expansion, invest in on-site electricity production using cheap biofuels.
Biofuels, due to their low-cost nature and general abundance, do not constitute
a major limiting factor, which might deteriorate the electricity efficiency
indicator. This is not to say, however, that resorting to on-site production of
electric power is inefficient. On the contrary, it is considered a very efficient way
of producing energy (see Part 1, Section 5.3).
To sum, I find confirming evidence, in line with the PH’s suggestions, for my
research hypothesis (H7) that stringent and well-designed CAC regulations in the
form of flexible performance standards induce innovation offsets at Swedish
pulp and paper plants via environmental process innovation.

Regulation via economic incentive instruments
295
296

The results are available from the author upon request.
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My findings for the year dummies show only few highly significant
coefficients in models (5) and (6). This is not surprising since the Swedish
regulatory events in the use of economic incentive instruments—which the
dummies are supposed to proxy—primarily induce plants to reduce air emissions
rather than process water efficiency. There are, however, a few statistically highly
significant year dummies (D00, D03, D04), as well as one statistically weakly
significant (D10), worth to be discussed briefly. The respective coefficients
suggest that plants’ median growth of process water efficiency was higher during
1999-00, 2002-03, 2003-04, and 2009-10 than during 2001-02; the reference year.
During all these years, the PPI saw expansions in production capacity (cf. Part 1,
Section 6.2.5). Hence, my findings may capture the ability of CAC regulation to
induce larger efficiency improvements during 1999-00, 2002-03, 2003-04, and
2009-10 than during 2001-02.
With regard to interpreting the year dummies’ results regarding relative
changes in plants’ electricity efficiency (models 1 to 4), a few introductory words
are warranted. I choose 2001-02 as reference year for the dummies because my
there are reasons to assume that the 2001-02 change in the PPI’s electricity
efficiency was to some extent induced by the upcoming Event 5, the Electricity
Certificates System (ECS), which was started in 2003.297 That year saw a fairly
large substitution of electric power generated on-site for purchased electricity—
despite a drop in the electricity price—resulting in electricity efficiency
improvements at Swedish pulp and paper plants In the remaining years, though,
changes in electricity efficiency were largely dependent on changes in the specific
use of purchased electricity and corresponding changes in the purchase price of
electricity, respectively.298 Therefore, benchmarking plants’ electricity efficiency
changes during each year of the sample period against the reference year 200102 is an attempt to test which external stimulus (regulation versus pure price
rises) has been more successful in inducing efficiency improvements at Swedish
pulp and paper plants.
The highly statistically significant results for D00 in models (3) and (4) provide
some evidence that plants’ growth in electricity efficiency in 1999-00 was
significantly weaker than in the reference year 2001-02—a period where plants’
improvement in electricity efficiency was most likely significantly influenced by
regulatory events in the use of economic instruments (see Part 1, Section 6.1.3).
A can be verified from Table A- I-3, this period saw falling electricity prices and
a large rise in the price of fossil fuels (+34%). This rise can have caused a
significant drop (-11%) in the specific use of electricity produced on-site, which
most likely was generated by fossil fuels to a significant extent at that time.

297
298

See Part 1, Section 6.1.
cf. Part 1, Sections 6.1.3 and 6.1.4.
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Table II-7. Estimated regression coefficients for electricity and process
water efficiency growth at Swedish pulp and paper plants
DEP VAR

∆ln(NetEl/Y)
(1) NO LAG
(2) ONE LAG

CAPEX

0.253***
(0.046)

Pode

0.000
(0.000)
-0.001
(0.001)
0.010
(0.017)
-0.705***
(0.210)

Green
TOWN
Pta
D00
D01
D03
D04
D05
D06
D07
D08
D09
D10
D11

0.045
(0.041)
0.074
(0.047)
-0.040
(0.033)
0.025
(0.029)
0.115***
(0.041)
-0.009
(0.039)
0.070***
(0.025)
0.047
(0.035)
0.030
(0.042)
-0.007
(0.039)
0.041
(0.034)

ln(Size)

0.024***
(0.009)

ln(Size)

0.261**
(0.120)
0.001
(0.002)
-0.211
(0.139)
0.139**
(0.057)
0.026
(0.121)
-5.802*
(3.362)
616

Pode
TOWN
ln(NOx/
Fos)
COAST
Pta
#Obs

∆ln(NetEl/Energy)
∆ln(Prowa/Y)
(3) NO LAG
(4) ONE LAG
(5) NO LAG
(6) ONE LAG
CAC regulation – environmental courts
-0.222***
0.231***
-0.214***
-0.212***
-0.207***
(0.051)
(0.039)
(0.031)
(0.036)
(0.029)
CAC regulation – courts & decentralized operative enforcement
0.000**
0.000
0.000
-0.000
-0.000
(0.000)
(0.000)
(0.000)
(0.000)
(0.000)
-0.001
-0.000
-0.002**
0.000
0.000
(0.001)
(0.001)
(0.001)
(0.001)
(0.001)
-0.010
0.013
-0.006
0.005
0.009
(0.011)
(0.018)
(0.014)
(0.020)
(0.020)
-0.705***
0.434
-0.347*
-0.268
-0.259
(0.210)
(0.348)
(0.196)
(0.218)
(0.207)
Economic incentive instruments
0.045
0.084***
0.089***
-0.116***
-0.102***
(0.041)
(0.029)
(0.031)
(0.032)
(0.029)
0.072*
0.019
0.032
-0.028
-0.043
(0.042)
(0.047)
(0.047)
(0.030)
(0.029)
-0.040
-0.066
-0.056*
-0.048***
-0.044**
(0.033)
(0.040)
(0.033)
(0.018)
(0.019)
0.025
0.066**
0.062**
-0.076***
-0.076***
(0.029)
(0.028)
(0.026)
(0.025)
(0.025)
0.115***
0.090***
0.097***
-0.003
0.000
(0.041)
(0.030)
(0.032)
(0.022)
(0.023)
-0.014
-0.028
-0.025
-0.005
0.004
(0.026)
(0.035)
(0.028)
(0.022)
(0.025)
0.070***
0.077***
0.084***
-0.011
-0.009
(0.025)
(0.025)
(0.028)
(0.021)
(0.021)
0.036
0.016
0.015
-0.009
-0.005
(0.025)
(0.029)
(0.026)
(0.024)
(0.023)
0.030
-0.001
0.003
-0.014
-0.013
(0.033)
(0.033)
(0.029)
(0.018)
(0.018)
0.002
-0.010
-0.007
-0.032*
-0.028
(0.026)
(0.031)
(0.026)
(0.019)
(0.019)
0.030
0.026
0.016
0.018
0.024*
(0.026)
(0.024)
(0.022)
(0.013)
(0.013)
Regulation & plant characteristics
0.024***
-0.014
0.024***
0.022**
0.026***
(0.009)
(0.010)
(0.009)
(0.008)
(0.007)
SELECTION EQUATION (DEPENDENT VARIABLE: CAPEX)
0.261**
0.170
0.262**
0.203*
0.287***
(0.120)
(0.122)
(0.119)
(0.109)
(0.110)
0.000
0.001
0.001
0.001
0.001
(0.003)
(0.002)
(0.002)
(0.002)
(0.002)
-0.145
-0.180
-0.127
-0.130
-0.171
(0.128)
(0.130)
(0.133)
(0.144)
(0.129)
0.067
0.078
0.092
0.018
0.012
(0.073)
(0.060)
(0.070)
(0.061)
(0.055)
-0.001
0.044
-0.071
0.082
0.028
(0.130)
(0.135)
(0.138)
(0.119)
(0.121)
-5.802*
-5.110
-5.877**
-3.739
-5.968**
(3.362)
(3.139)
(2.847)
(2.301)
(2.398)
616
618
614
618
615

Note: The sample period is 1999-2011. The time-variant regressors in the selection and outcome equations are lagged by
one period with respect to the respective dependent variable. The lag for CAPEX is indicated in row 2 of the above table.
The base year for the year dummies is 2002. COAST and NOx/Fos are exclusion restrictions. The models are estimated
using the maximum likelihood estimator. Cluster-robust standard errors (at the municipality level) in parentheses. ***
p<0.01, ** p<0.05, * p<0.1. The LR test of independent equations is rejected in all models, which justifies using the
treatment effects estimator.
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Hence, the relative efficiency losses indicated by D00 can capture a switch
from electricity produced on-site to externally purchased electricity, triggered by
a drop in the purchase price of electricity. In other words, the upcoming Event 5
(ECS) appears to have been successful in inducing relative efficiency
improvements at Swedish pulp and paper plants. By contrast, the negative and
statistically weakly significant D03-dummy in model (4) provides weak evidence
that during 2002-03 rises in the purchase price of electricity (+13%) provided
larger incentives for efficiency improvements than economic incentive
instruments in the form of Event 5 (proxied by the D02 reference dummy).
The positive and statistically highly significant coefficients for D04 in models
(3) and (4), and for D05 as well as D07 in models (1) to (4), again, can be
interpreted as that the upcoming Event 5 was more successful in stimulating
improvements in electricity efficiency than rises in the purchase price of
electricity (+13% during 2003-04, +5% during 2004-05, and -10% during 200607). Nevertheless, the very same Event 5 (ECS) most likely also induced
improvements in electricity efficiency, in particular, at chemical pulp plants
during 2003-04 and 2006-07, as evidenced by the fact that electricity sales per ton
output skyrocketed (+238% in 2003-04 and +51% in 2006-07).299
To sum up, I find confirming evidence for my general hypothesis (H3) that
economic incentive instruments induce innovation offsets at Swedish pulp and
paper plants via environmental process innovation—proxied by growth of pulp
and paper plants’ electricity as well as process water efficiency. The evidence
moreover broadly confirms my conjectures from Part 1, Section 6.1.3.
Decentralized regulatory bias, control variables, and selection equation
The negative and statistically highly significant coefficient for Green in model (4)
implies weak evidence that plants’ electricity efficiency growth is positively
affected by an increased local political influence by the Green Party. Hence, my
empirical results do not convincingly confirm my conjecture that the lower the
Green Party’s local weight, the more difficult it becomes to align the medium to
long-term dynamic efficiency and ‘win-win’ objectives of national CAC
regulation with potentially conflicting political goals (e.g. secure jobs in the short
run, general business friendliness) at the local level. I therefore only find weak
evidence for my hypothesis (H11) that the lack of regulator-regulator
coordination embodied in Sweden’s decentralized environmental governance (i)
implies losses of (dynamic) efficiency and (ii) reduces the odds for a ‘double
dividend’ of mutual environmental and economic benefits in the form of
increased energy (electricity) efficiency.
Pode and TOWN, two of my control variables for CAC regulation, turned out
to be statistically insignificant in virtually all specifications. I obtained more
significant results for Pta; plants located in environmentally sensitive areas, on
average, had larger improvements in electricity efficiency than those not located
299

See again Figure I-16 and Table A- I-3 in the Appendix.
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within such areas. Moreover, I find strong evidence that larger plants’
improvement in electricity as well as process water efficiency was significantly
slower. While this is somewhat contrary to expectations, it could be explained by
the fact that larger plants already have reached a superior level of electricity
efficiency, which limits the scope for further improvements relative to smaller
and still less efficient plants.
Moreover, my results for the selection equation suggest that CAPEX is an
endogenously determined binary treatment: Pta and Size are statistically
significant in the majority of models (1) to (6), and the LR test of independent
equations was rejected in all specifications, so that using the treatment effects
estimator was justified.300

4.4.3

CAC Regulation and Change in Total Factor
Productivity

I conclude my empirical analysis on regulation-induced innovation offsets by
providing a robustness check with regard to the effect of CAPEX, the probably
most powerful regulatory proxy in my analyses, on performance changes at
Swedish pulp and paper plants.301 Offsets are now proxied by a Malmquist TFP
measure.302 This measure is not completely novel though, given that its input
variables were already discussed individually in the previous analyses. The input
variables to the TFP index are: process water use (x1); use of fuels and thermal
energy (x2), and net electricity use (x3). The output variables used are total
production of pulp (y1) and paper (y2). The measure includes decompositions
into technical efficiency change (EC) and technical change (TC), which is
interesting from a policy perspective. The decompositions help answer the
question whether CAC regulation has managed to improve the PPI’s TFP via EC
or TC. The former can be interpreted as catch-up effect to the best-practice
frontier via diffusions of already existing technologies to the majority of Swedish
pulp and paper plants. By contrast, TC implies an outward shift in the bestpractice frontier via development and adoption of new technologies on the part
of a few best-performing plants. The three measures (∆TFP, EC, and TC) are
dependent variables in the respective outcome equation. They are unlogged, and
formulated as percentage change.
Somewhat surprising is the finding in model (1) that larger air emission intensities (proxied
by plants’ NOx emissions normalized by fossil fuel use) increase their likelihood of expanding
capacity. The evidence in that regard is very weak though, as shown by the insignificant results
in the remaining models.
301 In this analysis, I only use the year dummies as control variables because the dependent
variable, as shall be seen, is not primarily related to changes in air emission intensities and
determinants of those changes, respectively. Hence, the year dummies would be an inadequate
proxy for the Swedish regulatory events in the use of economic instruments (cf. Part 1, Section
6.1).
302 The Malmquist TFP index is taken from a previous version of the article in Part 5.
300
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Table II-8 provides regression results for CAPEX without lag, with a oneyear lag, as well as with a two-year lag to test for dynamic Porter effects.303 Models
(1) to (3) include the non-lagged CAPEX-variable to examine the immediate
effect of CAC regulation on plants’ growth of TFP and its components. Models
(3) to (6) contain CAPEX with a one-year lag to shed light on how CAC
regulation affects those productivity indicators within one year’s time. As for the
immediate effect of CAC regulation, the positive and statistically highly
significant CAPEX-coefficient in model (2) suggests that an increase in
regulatory stringency (CAPEX=1), all else equal, was associated with higher
growth of technical efficiency of expanding plants relative to the less strictly
regulated plants (CAPEX=0). In terms of marginal effects, model (2) indicates
that mean efficiency growth of expanding plants (CAPEX=1) directly after
capacity expansions was 0.23 percent above that of non-expanding plants
(CAPEX=0) at the same point in time. This finding makes intuitively sense
because the widespread adoption of technologies (or incremental innovations)
can be expected to occur within a shorter time frame than the development of
new technologies, which are more radical in nature. It can be interpreted as that
CAC regulation has been immediately able to induce plants to catch up to the
best-practice frontier.
Regarding the effect of CAC regulation one year after capacity expansions,
the evidence is still more robust: The positive and statistically highly significant
CAPEX-coefficient in model (4) suggests that an increase in regulatory
stringency (CAPEX=1), all else equal, was associated with higher growth of TFP
of expanding plants relative to the less strictly regulated plants (CAPEX=0). In
terms of marginal effects, model (4) indicates that mean TFP growth of
expanding plants (CAPEX=1) one year after capacity expansions was 0.21
percent above that of non-expanding plants (CAPEX=0) at the same point in
time. The positive and statistically highly significant results for CAPEX in
models (5) and (6) show that this growth was propelled both by technical
efficiency growth and by technical change. Apparently, Swedish CAC regulation
has been increasingly able to induce technical change at Swedish pulp and paper
plants, for example, by granting extended compliance periods during which
plants can install and test new productivity-enhancing environmental
technologies. By contrast, I find no productivity effects of CAC regulation two
years after capacity expansions. On the contrary, model (7) suggests that
expanding plants’ mean TFP growth at that point in time is 0.05 percent below
that of non-expanding plants—which is somewhat counterintuitive. To sum up,
my regression results provide some evidence that Swedish CAC regulation via
flexible performance standards has induced productivity growth at Swedish pulp
and paper plants in within one year after capacity expansions. This dynamic result
is in line with the PH’s postulations.
I include the whole sample, not specifying cutoff points. My results are robust to more
conservative cutoff points. The only difference is that the CAPEX-coefficients somewhat
drop in magnitude. The results are available from the author upon request.
303
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Table II-8. Estimated regression coefficients for TFP growth at Swedish
pulp and paper plants
DEP
VAR

∆TFP (1)

NO LAG
EC (2)

CAPEX

-0.013
(0.023)

0.226***
(0.036)

Pode

-0.000
(0.000)
-0.000
(0.001)
0.005
(0.006)
-0.113
(0.129)

-0.000
(0.000)
-0.000
(0.000)
0.014
(0.014)
0.295
(0.235)

0.031
(0.023)
0.049**
(0.020)
0.050
(0.032)
0.044*
(0.024)
0.043
(0.028)
0.029
(0.025)
0.014
(0.020)
0.062
(0.045)
0.035*
(0.018)

-0.024
(0.033)
0.007
(0.041)
0.050*
(0.025)
-0.006
(0.028)
0.066*
(0.038)
0.021
(0.035)
0.083***
(0.027)
-0.027
(0.054)
0.105**
(0.042)

ln(Size)

0.002
(0.005)

-0.007
(0.011)

ln(Size)

0.280
(0.193)
0.002
(0.002)
-0.163
(0.170)
0.220
(0.269)
-0.021
(0.181)
-6.125**
(2.738)
441

0.273
(0.175)
0.002
(0.001)
-0.106
(0.149)
0.162
(0.217)
-0.001
(0.125)
-4.938**
(2.409)
441

Green
TOWN
Pta

D02
D04
D05
D06
D07
D08
D09
D10
D11

Pode
TOWN
ln(CO2/
Fos)
COAST
Pta
#Obs

ONE LAG
∆TFP (4)
EC (5)
TC (6)
∆TFP (7)
CAC regulation – environmental courts
-0.029
0.213***
0.220***
0.262***
-0.048***
(0.035)
(0.035)
(0.033)
(0.053)
(0.016)
CAC regulation – courts & decentralized operative enforcement
0.000
-0.000***
-0.000
-0.000**
-0.000
(0.000)
(0.000)
(0.000)
(0.000)
(0.000)
-0.000
-0.000
-0.000
-0.000
-0.001
(0.001)
(0.001)
(0.000)
(0.001)
(0.001)
0.000
0.014
0.012
0.013
0.007
(0.008)
(0.010)
(0.012)
(0.010)
(0.007)
-0.122
0.235
0.307
0.324
-0.117
(0.141)
(0.184)
(0.215)
(0.208)
(0.191)
Economic incentive instruments
0.029
0.042
-0.023
0.044
(0.033)
(0.026)
(0.034)
(0.037)
0.018
0.053**
0.001
0.032
0.053**
(0.043)
(0.024)
(0.042)
(0.047)
(0.021)
-0.027
0.045*
0.050**
-0.028
0.056*
(0.038)
(0.024)
(0.024)
(0.034)
(0.033)
0.025
0.060**
-0.009
0.032
0.046*
(0.038)
(0.028)
(0.029)
(0.039)
(0.024)
-0.054
0.052
0.068*
-0.041
0.048*
(0.037)
(0.033)
(0.038)
(0.040)
(0.028)
-0.019
0.037
0.023
-0.009
0.032
(0.040)
(0.029)
(0.036)
(0.043)
(0.025)
-0.075***
0.020
0.086***
-0.076***
0.018
(0.027)
(0.020)
(0.027)
(0.025)
(0.020)
0.100
0.063
-0.032
0.097
0.065
(0.084)
(0.039)
(0.056)
(0.077)
(0.045)
-0.057*
0.039**
0.092**
-0.069**
0.030
(0.031)
(0.018)
(0.037)
(0.031)
(0.019)
Regulation & plant characteristics
-0.002
-0.020*
-0.008
-0.031**
0.006
(0.006)
(0.011)
(0.009)
(0.015)
(0.005)
SELECTION EQUATION (DEPENDENT VARIABLE: CAPEX)
0.279
0.262**
0.305*
0.312**
0.381**
(0.192)
(0.127)
(0.169)
(0.132)
(0.165)
0.002
0.002
0.002
0.002
0.002
(0.002)
(0.001)
(0.002)
(0.001)
(0.002)
-0.158
-0.067
-0.137
-0.044
-0.142
(0.174)
(0.125)
(0.126)
(0.106)
(0.154)
0.226
0.307
0.200
0.114
0.170
(0.270)
(0.187)
(0.210)
(0.203)
(0.312)
-0.018
0.040
-0.058
-0.092
-0.230
(0.186)
(0.099)
(0.136)
(0.105)
(0.194)
-6.056**
-4.484**
-4.989**
-5.129***
-7.621***
(2.717)
(2.017)
(2.164)
(1.985)
(2.695)
441
437
437
437
387
TC (3)

TWO LAGS
EC (8)

TC (9)

-0.010
(0.033)

-0.006
(0.022)

-0.000
(0.000)
0.000
(0.000)
0.005
(0.013)
-0.022
(0.143)

0.000
(0.000)
-0.001
(0.001)
0.003
(0.008)
-0.054
(0.181)

0.011
(0.042)
0.053**
(0.024)
-0.005
(0.028)
0.078*
(0.040)
0.029
(0.035)
0.090***
(0.027)
-0.012
(0.053)
0.111***
(0.042)

0.023
(0.044)
-0.023
(0.040)
0.028
(0.038)
-0.051
(0.037)
-0.015
(0.040)
-0.075***
(0.027)
0.103
(0.083)
-0.052
(0.032)

0.014**
(0.006)

-0.002
(0.005)

0.381**
(0.165)
0.002
(0.001)
-0.142
(0.153)
0.155
(0.319)
-0.235
(0.199)
-7.582***
(2.682)
387

0.380**
(0.165)
0.002
(0.002)
-0.143
(0.154)
0.159
(0.317)
-0.233
(0.195)
-7.598***
(2.690)
387

Note: The sample period is 2001-2011. The base year for the TFP growth measures is 2001. The dependent variables denote productivity
changes between 2001 and t, where 𝑡 ∈ {2002,2003, … ,2011}. The time-variant regressors in the selection and outcome equations are
lagged by one period with respect to the respective dependent variable. The lag for CAPEX is indicated in row 2 of the above table. The
base year for the year dummies is 2002. COAST and CO2/Fos are exclusion restrictions. The models are estimated using the maximum
likelihood estimator. Cluster-robust standard errors (at the municipality level) in parentheses. *** p<0.01, ** p<0.05, * p<0.1. The LR
test of independent equations is rejected in all models except models (1), (3), (8), (9).

5 Discussion and Conclusions
This paper provided an empirical test of the Porter Hypothesis (PH). The PH
postulates that stringent and well-designed environmental regulations can induce
‘innovation offsets’ for polluting industries, by stimulating the development and
adoption of clean production technologies, which can both entail economic
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benefits for the regulated firm and improve environmental quality. Porter argues
that environmental regulations are well-designed when they are stringent (e.g.
exert pressure, improve environmental awareness, set clear goals), avoid
uncertainty and are predictable (e.g. via extended compliance periods granted to
firms), flexible (i.e. performance standards instead of technology prescription,
use of economic incentive instruments), and coordinated (regulator-industry;
regulator-regulator). I tested the above proposition for a sample of energy and
pollution-intensive pulp and paper plants in Sweden; a country known for its
well-designed environmental regulations in the spirit of Porter, in particular in
the area of air pollution abatement.
The results, on the one hand, confirm that Swedish environmental regulation
in the form of flexible CAC regulation and economic policy instruments has
boosted pulp and paper plants’ environmental performance, measured by
changes in CO2, NOx and sulfur efficiency.304 On the other, they show that the
advanced Swedish regulatory design also induced innovation offsets, which
however tend not to materialize immediately but with a one-year delay. This
applies in particular to CAC regulation which probably makes use of flexible time
strategies, for example, in the form of probation periods for new technology
granted to the regulated plants.
First, I find that Swedish CAC regulation, and to some extent also economic
policy instruments, have induced clean (biofuel-based) technology innovation
and process offsets at Swedish pulp and paper plants. The latter occurred
primarily through improvements in fuel and thermal energy efficiency but also
through improvements in process water efficiency (in the case of CAC
regulation). Second, I find that Swedish CAC regulation stimulated the PPI’s TFP
growth. This growth in turn appears to have been driven both by efficiency
improvements (i.e. catching up to the best-practice frontier) and by technical
change (i.e. shift of the frontier). A further relevant finding is that these
regulation-induced innovation effects tend to have materialized with a one-year
delay—which provides evidence of the PH’s dynamic nature.
I also find some evidence of coordination failure in Sweden’s decentralized
system of environmental governance where local administrative and political
bodies are responsible for inspection and operative enforcement of national
environmental regulations. My findings suggest that the lower the Green Party’s
local weight, the lower plants’ reductions in CO2 intensity, and the lower their
adoption rate of clean biofuel-based technologies. In other words, decreased
local influence of the Green Party makes it more difficult to align the medium to
long-term dynamic efficiency and ‘win-win’ objectives of national CAC
regulation with potentially conflicting political goals at the local level (e.g. secure
jobs in the short run, general business friendliness). This lack of regulatorregulator coordination, in line with the PH’s postulations, implies losses of
As argued in the previous section, an improved environmental performance is an important
indicator not only because it signals an improved environmental quality. It also can trigger
economic benefits for firms.
304
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(dynamic) efficiency, reducing the odds for a ‘double dividend’ of mutual
environmental and economic benefits.
My results have valuable policy implications. They show that well-designed
environmental regulations can simultaneously achieve deep emission reductions
through environmental innovation and improvements in company’s business
performance through innovation offsets. As the Swedish case has made clear,
this applies not only for economic incentive instruments, but also for CAC
regulation based on flexible performance standards. This latter finding is contrary
to what in particular the theoretical literature on the Porter Hypothesis, as well
as on environmental policy effectiveness, has suggested. My results moreover
shed light on the coordination challenges faced by decentralized systems of
environmental governance. The light tendencies for coordination failure I found
in the Swedish system make a weak case that a further centralization of
environmental policy could be appropriate.
The empirical analysis in this paper could be extended in at least two ways.
First and foremost, for data constraints, I was unable to control for changes in
the price of fossil fuels in the econometric analysis. This obviously also has a
major impact on plants’ decisions to improve on energy efficiency and pollution
efficiency or to switch to clean production technologies. Second, I did not
control for capacity reductions (e.g. due to downsizing measures) at those plants,
which, too, can affect the dependent variables used in the empirical analysis. This
would have posed additional challenges in regards to the econometric strategy,
given that capacity reductions can be viewed as yet another endogenous binary
treatment variable. Third, I plan to make an empirical contribution to recent
suggestions in the literature that the alleged superiority of economic incentive
instruments may hold for incremental low-cost innovations but not for radical
innovation, which might be more effectively promoted by CAC regulation
(Kemp and Pontoglio 2011). In that context, large improvements in my process
eco-innovation indicators will be interpreted as more radical innovations,
whereas smaller improvements constitute rather incremental innovations.
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Appendix
Table A- II-1. Descriptive statistics for the variables in the analysis
VARIABLE
∆ln(CO2/Y)
∆ln(CO2/Energy)
∆ln(NOx/Y)
∆ln(NOx/Energy)
∆ln(S/Y)
∆ln(S/Energy)
∆ln(Bio/Y)
∆ln(Bio/Energy)
∆ln(Fos/Y)
∆ln(Fos/Energy)
∆ln(Energy/Y)
∆ln((FuTh/Y)
∆ln(FuTh/Energy)
∆ln(NetEl/Y)
∆ln(NetEl/Energy)
∆ln(Prowa/Y)
∆TFP
∆TE
∆TC
CAPEX
ln(Size)
D00
D01
D02
D03
D04
D05
D06
D07
D08
D09
D10
D11
Green
Pta
Pode
TOWN
ln(CO2/Fos)
ln(S/Fos)
ln(NOx/Fos)
COAST

OBS
497
498
792
616
757
590
452
453
797
620
640
640
641
831
641
833
458
458
458
838
909
921
921
921
921
921
921
921
921
921
921
921
921
907
907
907
907
559
825
858
907

MEAN
-0.062
-0.059
-0.035
-0.010
-0.107
-0.081
0.022
0.026
-0.082
-0.063
-0.006
0.003
0.009
-0.009
-0.017
-0.026
0.014
0.006
0.026
0.235
5.774
0.067
0.067
0.065
0.063
0.062
0.062
0.061
0.059
0.058
0.053
0.053
0.053
4.081
0.025
43.814
0.817
4.330
-2.568
-1.104
0.348

ST. DEV
0.613
0.608
0.627
0.689
0.810
0.871
0.304
0.283
0.675
0.666
0.112
0.530
0.511
0.287
0.296
0.210
0.131
0.164
0.167
0.424
0.855
0.251
0.251
0.247
0.243
0.241
0.241
0.239
0.235
0.233
0.225
0.225
0.225
3.363
0.029
62.940
0.387
0.238
1.963
1.285
0.477
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MIN
-5.204
-5.176
-6.799
-6.927
-6.934
-7.062
-1.174
-0.983
-5.081
-5.053
-0.470
-5.081
-5.053
-5.979
-5.596
-2.203
-0.482
-0.465
-0.502
0.000
3.258
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.400
0.000
8.414
0.000
2.006
-10.621
-6.397
0.000

MAX
4.849
4.925
7.653
7.607
7.758
7.712
5.215
5.218
4.696
4.773
0.488
4.696
4.773
1.322
1.273
1.437
1.321
0.870
1.321
1.000
7.561
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
43.700
0.251
396.662
1.000
5.617
3.357
3.210
1.000

∆ln(CO2/Y)
∆ln(CO2/Energy)
∆ln(NOx/Y)
∆ln(NOx/Energy)
dlnS_Y
∆ln(S/Energy)
∆ln(Bio/Y)
∆ln(Bio/Energy)
∆ln(Fos/Y)
∆ln(Fos/Energy)
∆ln(Energy/Y)
∆ln((FuTh/Y)
∆ln(FuTh/Energy)
∆ln(NetEl/Y)
∆ln(NetEl/Energy)
∆ln(Prowa/Y)
∆TFP
∆TE
∆TC
CAPEX
ln(Size)
D00
D01
D02
D03

∆ln(CO2/Y)
1.0000
0.9870
0.7730
0.7523
0.5125
0.5002
-0.1102
-0.2535
0.9014
0.9130
0.1323
0.8022
0.8012
-0.3181
-0.3919
0.0926
-0.1340
-0.1230
0.0155
0.0547
-0.0469
.
.
0.0521
0.1141
1.0000
0.7613
0.7694
0.4775
0.4907
-0.2541
-0.2776
0.8861
0.9228
-0.0287
0.7697
0.7970
-0.3644
-0.3424
0.0714
-0.0645
-0.0764
0.0217
0.0645
-0.0520
.
.
0.0570
0.1074

∆ln(CO2/Energy)
1.0000
0.9880
0.6820
0.6965
0.1831
0.1095
0.6738
0.7472
0.0892
0.5907
0.5935
-0.0856
-0.1347
0.0356
-0.1549
-0.0794
-0.0347
0.0276
0.0040
-0.1287
0.1465
0.0080
0.0820

∆ln(NOx/Y)

1.0000
0.6681
0.6869
-0.0329
0.0789
0.7079
0.7437
-0.0655
0.5509
0.5836
-0.1291
-0.0919
0.0042
-0.0773
-0.0272
-0.0282
0.0356
-0.0004
-0.1259
0.1291
0.0017
0.0695

∆ln(NOx/Energy)

Table A- II-2. Pairwise correlations for the variables in the analysis

1.0000
0.9926
0.0843
-0.0019
0.4809
0.5293
0.1908
0.3892
0.3639
-0.0265
-0.1176
0.0798
-0.2066
-0.1612
0.0059
0.0004
-0.0007
-0.0903
0.0332
0.0674
0.0949

∆ln(S/Y)

1.0000
0.0212
-0.0106
0.5258
0.5323
0.0701
0.3565
0.3582
-0.0452
-0.0847
0.0895
-0.1454
-0.1202
0.0110
0.0114
-0.0049
-0.0915
0.0161
0.0650
0.0881

∆ln(S/Energy)

1.0000
0.9483
-0.0328
-0.1178
0.3619
0.4251
0.3617
-0.1272
-0.4118
0.0831
-0.2657
-0.1911
0.0777
-0.0930
0.0996
0.0793
0.0237
-0.0265
-0.0206

∆ln(Bio/Y)

1.0000
-0.1304
-0.1521
0.0473
0.1685
0.2441
-0.2184
-0.2086
0.0260
-0.0072
-0.0588
0.0630
-0.0793
0.1060
0.1324
0.0036
-0.0395
-0.0154

∆ln(Bio/Energy)

1.0000
0.9705
0.1815
0.6743
0.6595
-0.1017
-0.1850
0.0519
-0.1570
-0.0921
-0.0291
0.0280
-0.0290
-0.1346
0.1387
0.0166
0.0800

∆ln(Fos/Y)

D04
D05
D06
D07
D08
D09
D10
D11
Green
Pta
Pode
TOWN
ln(CO2/Fos)
ln(S/Fos)
ln(NOx/Fos)
COAST

∆ln(CO2/Y)
-0.0657
-0.1174
0.1105
-0.1299
0.0662
-0.0449
0.0406
-0.0268
-0.0567
0.0396
0.0461
-0.0164
0.0028
-0.0957
-0.1177
0.0006

∆ln(CO2/Energy)
-0.0437
-0.1251
0.1070
-0.1170
0.0585
-0.0582
0.0378
-0.0254
-0.0592
0.0386
0.0311
-0.0186
0.0063
-0.1069
-0.1307
-0.0023

∆ln(NOx/Y)
-0.0306
-0.0639
0.0778
-0.0847
0.0762
0.0179
0.0142
-0.0069
0.0062
0.0109
0.0120
-0.0047
0.0123
0.0366
0.0897
0.0141

∆ln(NOx/Energy)
-0.0242
-0.0820
0.0680
-0.0869
0.0636
0.0026
0.0031
-0.0154
0.0049
0.0130
0.0062
-0.0036
0.0120
0.0123
0.0554
-0.0072

∆ln(S/Y)
-0.0143
-0.0394
0.0584
-0.0751
0.0321
-0.0027
0.0197
0.0029
0.0101
0.0068
0.0176
0.0009
0.0209
0.1539
0.0703
0.0113

Table A- II-2. Pairwise correlations for the variables in the analysis (cont.)
∆ln(S/Energy)
-0.0091
-0.0545
0.0512
-0.0807
0.0207
-0.0140
0.0125
-0.0041
0.0123
0.0170
0.0141
0.0002
0.0216
0.1552
0.0493
0.0075

∆ln(Bio/Y)
-0.0227
0.0110
-0.0038
-0.0176
0.0059
-0.0202
-0.0141
0.0031
0.0184
-0.0195
0.0212
0.0415
0.0149
-0.0127
0.0042
-0.0005

∆ln(Bio/Energy)
0.0101
-0.0018
-0.0062
-0.0177
-0.0176
-0.0184
-0.0286
-0.0052
0.0165
-0.0028
0.0304
0.0441
0.0198
-0.0200
0.0007
-0.0042

∆ln(Fos/Y)
-0.0374
-0.0675
0.0718
-0.0953
0.0579
-0.0179
0.0397
0.0176
-0.0314
0.0062
0.0210
-0.0032
-0.1667
-0.0867
-0.1040
0.0065

∆ln(Fos/Energy)
∆ln(Energy/Y)
∆ln((FuTh/Y)
∆ln(FuTh/Energy)
∆ln(NetEl/Y)
∆ln(NetEl/Energy)
∆ln(Prowa/Y)
∆TFP
∆TE
∆TC
CAPEX
ln(Size)
D00
D01
D02
D03
D04
D05
D06
D07
D08
D09
D10
D11

∆ln(Fos/
Energy)
1.0000
0.0220
0.6546
0.6716
-0.1599
-0.1750
0.0467
-0.1115
-0.0643
-0.0237
0.0658
-0.0576
-0.1453
0.1405
0.0154
0.0794
-0.0294
-0.0881
0.0727
-0.0872
0.0342
-0.0382
0.0367
0.0146
1.0000
0.2705
0.0642
0.2780
-0.0867
0.0598
-0.4397
-0.3001
-0.0313
-0.0231
0.0288
-0.0715
0.0806
-0.0147
0.0475
-0.1261
0.0153
0.0334
-0.0593
0.0392
0.0381
0.0162
0.0082

∆ln(Energy/
Y)
1.0000
0.9774
-0.3018
-0.4157
0.0504
-0.1965
-0.1031
-0.0451
0.0089
-0.0030
-0.1027
0.0701
0.0323
0.0810
-0.0708
-0.0984
0.1063
-0.1264
0.0886
0.0217
0.0161
-0.0097

∆ln((FuTh/
Y)

1.0000
-0.3720
-0.4085
0.0409
-0.1167
-0.0473
-0.0407
0.0154
-0.0095
-0.0909
0.0550
0.0368
0.0735
-0.0458
-0.1055
0.1029
-0.1181
0.0833
0.0105
0.0150
-0.0100

∆ln(FuTh/Energy)

1.0000
0.9307
-0.0103
-0.1316
-0.1372
0.0407
0.0002
0.0006
0.0057
0.0277
-0.0370
-0.0679
0.0024
-0.0315
-0.0376
0.0281
-0.0107
-0.0017
-0.0477
0.0174

∆ln(NetEl/Y)

Table A- II-2. Pairwise correlations for the variables in the analysis (cont.)

1.0000
-0.0658
0.1551
0.0636
0.0566
0.0254
0.0188
0.0498
0.0121
-0.0201
-0.0786
0.0630
-0.0255
-0.0397
0.0687
-0.0124
-0.0115
-0.0420
0.0335

∆ln(NetEl/Energy)

1.0000
-0.2474
-0.1217
-0.0622
-0.0023
0.0007
-0.1044
-0.0391
0.0276
-0.0207
-0.0455
0.0401
0.0405
0.0247
0.0312
0.0205
0.0035
0.0651

∆ln(Prowa/Y)

1.0000
0.3214
0.4514
0.0365
-0.0305
.
.
-0.0057
-0.0641
0.0119
0.0421
0.0222
0.0162
-0.0147
-0.0519
0.0521
-0.0090

∆TFP

1.0000
-0.6510
0.0333
0.0336
.
.
-0.1152
-0.0648
-0.0414
0.0450
-0.0754
0.0942
0.0047
0.1002
-0.0786
0.1548

∆TE

Green
Pta
Pode
TOWN
ln(CO2/Fos)
ln(S/Fos)
ln(NOx/Fos)
COAST

∆ln(Fos/
Energy)
-0.0329
0.0233
0.0276
-0.0088
-0.1799
-0.1034
-0.1236
-0.0131

∆ln(Energy/
Y)
0.0211
0.0015
0.0230
0.0037
0.0615
0.0355
0.0259
0.0151

∆ln((FuTh/
Y)
0.0086
0.0155
0.0188
0.0006
-0.0405
-0.0404
-0.0368
-0.0182
0.0045
0.0157
0.0145
-0.0002
-0.0544
-0.0497
-0.0432
-0.0222

∆ln(FuTh/Energy)
-0.0051
-0.0039
-0.1322
-0.0028
0.3468
0.0523
0.0567
0.0035

∆ln(NetEl/Y)
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-0.0046
-0.0035
-0.1757
-0.0212
0.3403
0.0753
0.1077
0.0387

∆ln(NetEl/Energy)
0.0219
0.0177
-0.0590
0.0428
0.0184
-0.0347
0.0073
-0.0276

∆ln(Prowa/Y)
-0.0203
-0.0464
-0.0573
0.0173
0.1390
-0.0058
-0.0472
-0.0153

∆TFP
0.0032
-0.0301
-0.0520
0.0018
0.0321
-0.0219
0.0001
0.0222

∆TE

∆TC
CAPEX
ln(Size)
D00
D01
D02
D03
D04
D05
D06
D07
D08
D09
D10
D11
Green
Pta
Pode
TOWN
ln(CO2/Fos)
ln(S/Fos)
ln(NOx/Fos)
COAST

∆TC
1.0000
-0.0075
-0.0209
.
.
0.0835
0.0293
0.0327
-0.0435
0.0626
-0.1020
-0.0324
-0.1246
0.1781
-0.0933
-0.0111
0.0008
0.0219
0.0105
0.0761
-0.0331
-0.0681
-0.0455
1.0000
0.1384
0.1046
-0.0339
0.0234
0.0320
-0.0045
0.0514
-0.0053
0.0557
0.0029
-0.0398
-0.0006
-0.0373
0.0528
-0.0553
-0.0209
-0.0276
0.0792
0.0602
0.0680
0.0981

CAPEX
1.0000
0.0177
0.0137
0.0098
0.0118
0.0056
-0.0095
-0.0106
-0.0207
-0.0231
-0.0322
-0.0309
-0.0214
0.2015
0.0694
0.1754
-0.0925
0.2044
0.2618
0.3300
0.3608

ln(Size)

1.0000
-0.0722
-0.0709
-0.0696
-0.0690
-0.0690
-0.0684
-0.0670
-0.0664
-0.0637
-0.0637
-0.0637
0.0040
-0.0108
0.0148
0.0133
.
0.0231
-0.0331
-0.0023

D00

1.0000
-0.0709
-0.0696
-0.0690
-0.0690
-0.0684
-0.0670
-0.0664
-0.0637
-0.0637
-0.0637
0.0041
-0.0067
0.0119
0.0019
-0.1124
-0.0277
-0.0367
-0.0023

D01

1.0000
-0.0684
-0.0678
-0.0678
-0.0672
-0.0659
-0.0652
-0.0626
-0.0626
-0.0626
0.0108
-0.0005
0.0164
-0.0023
-0.0158
-0.0100
-0.0267
0.0042

D02

Table A- II-2. Pairwise correlations for the variables in the analysis (cont.)

1.0000
-0.0666
-0.0666
-0.0660
-0.0647
-0.0641
-0.0615
-0.0615
-0.0615
0.0039
0.0004
0.0182
-0.0045
0.0105
-0.0084
-0.0236
0.0075

D03

1.0000
-0.0660
-0.0654
-0.0641
-0.0635
-0.0609
-0.0609
-0.0609
0.0067
0.0054
0.0214
-0.0067
-0.0175
-0.0226
-0.0197
0.0013

D04

1.0000
-0.0654
-0.0641
-0.0635
-0.0609
-0.0609
-0.0609
0.0067
0.0230
0.0220
-0.0067
-0.0764
-0.0252
-0.0174
0.0013

D05

1.0000
-0.0635
-0.0629
-0.0603
-0.0603
-0.0603
0.0141
0.0059
-0.0272
-0.0158
0.0342
-0.0047
0.0233
0.0151

D06

D07
D08
D09
D10
D11
Green
Pta
Pode
TOWN
ln(CO2/
Fos)
ln(S/Fos)
ln(NOx/
Fos)
COAST

1.0000
-0.0586
-0.0586
-0.0586
-0.0458
0.0152
-0.0259
-0.0082

0.0673

-0.0114

0.0682

0.0023

0.0150

-0.0190

0.0327

0.0088

D08

1.0000
-0.0617
-0.0592
-0.0592
-0.0592
-0.0422
0.0080
-0.0253
-0.0059

D07

0.0029

0.1059

0.0108

0.0641

1.0000
-0.0562
-0.0562
-0.0463
0.0098
-0.0251
-0.0027

D09

0.0029

0.0871

-0.0182

0.0784

1.0000
-0.0562
-0.0454
0.0253
-0.0232
-0.0027

D10

0.0065

0.0929

-0.0183

-0.0327

1.0000
0.0614
0.0332
-0.0229
-0.0051

D11

0.2210

0.1331

0.1299

0.0070

1.0000
0.0309
0.0859
-0.0030

Green

-0.2337

-0.0646

-0.0446

0.0285

1.0000
0.4167
-0.0656

Pta

-0.1078

-0.1151

-0.0829

-0.0382

1.0000
0.0307

Pode
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-0.1805

-0.1089

0.0099

-0.0782

1.0000

TOWN

0.1601

0.3505

0.3190

1.0000

ln(CO2/
Fos)

0.4571

0.6987

1.0000

ln(S/Fos)

0.5777

1.0000

ln(NOx/
Fos)

1.0000

COAST
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WELL-DESIGNED ENVIRONMENTAL
REGULATION, INNOVATION, AND FIRM
PERFORMANCE
Swedish Evidence on the Porter Hypothesis
Jan. F. Weiss
ABSTRACT
Applying recent data on a cross section of Swedish chemical and pulp and paper
firms, this paper examines the so-called Porter Hypothesis: well-designed
environmental regulation can stimulate firms’ innovative capabilities, while at the
same time generating ‘innovation offsets’ that both may offset net compliance
costs and yield a competitive edge over those firms that are not, or not yet,
affected by such regulations. In doing so, it also tests the alleged effectiveness of
regulatory ‘time strategies’ in stimulating innovation activities of regulated firms.
The results confirm that regulatory time strategies induce innovation and
innovation offsets; however, I do not find evidence that they boost firms’
operating performance. In other words, the Porter Hypothesis was only partially
confirmed.
JEL classification: D24; L51; L60; Q52; Q53; Q58
Keywords: Porter Hypothesis, environmental regulation,
environmental innovation, innovation offsets, firm performance
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Innovation, and Firm Performance
Swedish Evidence on the Porter Hypothesis
Jan F. Weiss

1 Introduction
What are the driving forces of firms’ environmental innovation and business
performance? While market pull and technology push are two established
mechanisms, less discussed has been the impact that environmental regulation
might have in that context (Horbach 2008).305 The neoclassical view of profitmaximizing firms has long considered environmental compliance as costly,
ultimately causing losses in competitiveness in world markets (Palmer, Oates et
al. 1995). This paradigm has been challenged by Harvard Professor Michael
Porter in what has come to be known as the Porter Hypothesis (PH). Porter
argued that well-designed environmental regulation can boost firms’ innovation
activities such that the net cost of complying with regulation is partially or more
than fully offset—and that these ‘innovation offsets’ may result in a competitive
advantage over those firms not subject to such environmental standards (Porter
and van der Linde 1995a, Porter and Van der Linde 1995b).306 In this vein,
environmental regulations do not imply a tradeoff between environmental
benefits and corporate cost, but can lead to a win-win situation of mutual
environmental and corporate benefits. A major implication from the PH is that
an environmental regulatory framework has to contain dynamic elements (e.g.
extended trial and compliance periods and uncertainty-reducing environmental
policies like grants and subsidies) if it is to stimulate companies’ innovation
activities and performance. This discussion is very much in line with the
environmental economics literature, which points to the importance of
regulatory ‘time strategies’ (Sartorius and Zundel 2005): dynamic policy

For a definition of environmental innovation, or eco-innovation, I refer the reader to Part
1, Section 3.1. Henceforth, I will use the terms environmental innovation and eco-innovation
synonymously.
306 See Part 1, Section 3.1 for a conceptualization of well-designed environmental regulation.
305
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instruments that induce innovation by allowing regulated industries to flexibly
develop new technologies within a rather generous time frame.
The purpose of the present paper is to empirically test the PH and its dynamic
nature. In doing so, it contributes the scarce empirical literature on the PH’s
‘narrow version,’ which examines the specific impact on innovation or
performance of ‘well-designed’ regulations in the Porterian sense.307. While
bearing resemblance in its empirical strategy to Rennings and Rammer (2010),
my paper distinguishes itself from that study in two major ways. First, it uses a
unique firm-level dataset on the Swedish pulp, paper and chemical industries that
allows for examining the PH’ dynamic nature—that is, the effectiveness of ‘welldesigned’ (i.e. dynamic, flexible and uncertainty-reducing) environmental policies
in inducing environmental product and process innovation, as well as innovation
offsets, at regulated firms.308 That dataset moreover permits analyzing the effect
of regulation on organizational innovation (e.g. total quality management)—an
increasingly important complementary asset for firms’ technological innovations
(Frondel, Horbach et al. 2007, Rehfeld, Rennings et al. 2007, Wagner 2007, Rave,
Goetzke et al. 2011).309
Second, my empirical application is the exposure of two important polluting
industries (PPI and chemical industry) to an environmental regulatory system
(Sweden) known for its advanced environmental policies in the Porterian sense,
which provides an interesting application in terms of assessing the PH’s empirical
validity. On the one hand, both the pulp and paper and the chemical industry are
cornerstones of the Swedish economy, with the pulp and paper industry (PPI)
accounting for 10-12 percent of Swedish industry’s employment, exports, sales
and value added. The PPI is also highly competitive in world markets: Sweden is
the world’s fourth largest exporter of pulp, third largest exporter of paper, while
Sweden’s PPI is the third largest in Europe, supplying more than one tenth of
the demand for paper in the EU countries (Swedish Forest Industries 2010). The
chemical industry is among the five largest industrial sectors in Sweden,
accounting for about 12 percent of economic turnover in Swedish Industry
(Kemikalieinspektionen 2010). Moreover, in 2011, the chemical industry stood
for over 15 percent of Swedish exports (Mossberg 2013). On that basis, this
paper aims to provide evidence on whether these industries’ innovation activities
and performance might indeed be impaired by costly environmental compliance,
as claimed by, among others, Palmer, Oates et al. (1995).310

See Part 1, Section 3.2.
For a definition of environmental process innovation (or process eco-innovation), I refer
to Part 1, Section 3.1. Henceforth, I will use both terms interchangeably.
309 The dataset is constructed by Statistics Sweden based on the 2008 version of the Swedish
variant of the Community Innovation Survey (CIS).
310 More information on the pulp and paper industry’s environmental impact, particularly with
regard to air pollution, is found in Part 1, Section 5. The chemical industry’s environmental
footprint is discussed in Rydén and Migula (2003).
307
308
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Both industries are subject to regulatory pressure from the Swedish
authorities—which have been praised for their ‘well-designed’ environmental
policies: The Swedish Environmental Code (Swedish Code of Statutes 1998a)
gives regulatory principles and best available technology (BAT) levels in
accordance with European Union legislation (European Union 2001, European
Union 2008), whereas regional environmental courts, county administrative
boards and district authorities issue operating permits on a case-by-case basis,
reflecting mill-specific considerations of environmental impacts and economic
feasibility (Swedish Code of Statutes 1998b, SEPA 2002, OECD 2007). Indeed,
instead of emphasizing end-of-pipe treatment systems, common in North
America, Swedish regulators, since the 1970s, have focused on internal process
changes to foster pollution prevention. Implying adequate phase-in periods in
terms of the adoption of best available technologies, this flexible approach,
according to experts (Porter and Van der Linde 1995b, Harrison 2002) has
enabled Swedish polluting industries to develop innovative products and
processes that both meet emission standards and increase profitability. This
approach is complemented by economic instruments, such as a carbon dioxide
tax and a NOx charge (SEPA 2007).311
The empirical results provide some evidence in favor of the PH and its
dynamic nature: They provide evidence of the effectiveness of ‘well-designed’
environmental regulation—via regulatory time strategies and policies
overcoming the uncertainty associated with environmental investments—in
inducing environmental innovation and innovation offsets at Swedish pulp,
paper and chemical firms. My findings also suggest that well-designed regulation
induces organizational innovation at regulated firms. By contrast, there is no
empirical evidence whatsoever that well-designed environmental regulation
stimulates improvements in firms’ operating performance.
The paper is organized as follows: Section 2 provides a theoretical and
empirical background of regulatory time strategies and the PH. Section 3
discusses the empirical strategy used in this paper. Section 4 presents the dataset,
the variables in the empirical analysis, and descriptive statistics of the sample. In
Section 5, I present and discuss the empirical results, and Section 6 concludes.

A detailed review of contemporary Swedish environmental regulation is found in Part 1,
Section 6.
311
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2 Environmental Regulatory Design,
Innovation and Performance
2.1 Innovation-inducing Environmental Policy and
the Porter Hypothesis
How should innovation-inducing and performance-enhancing, environmental
policies be designed? Much has been written in the environmental economics
literature about the efficiency of certain environmental policy instruments (e.g.
pollution taxes, emission certificate trade, technology and performance
standards). These instruments are considered efficient when they maximize the
expected environmental benefits while minimizing the costs to be incurred to
improve environmental quality (Copper and Oates 1992). While there has been
some discussion, in a static context, about the innovation-inducing effects of
those policy instruments (Requate 2005), less has been said about the potential
importance of dynamic aspects in an environmental policy design aimed at
boosting innovation and performance (Bergquist, Söderholm et al. 2013). This
applies in particular to situations where governments aim to achieve deep
emission cuts that require the development and adoption of new technology, as
opposed to current ‘off-the-shelf’ technology (Sandén and Azar 2005, Nentjes,
de Vries et al. 2007). The core challenge faced by the regulator in such a context
is, on the one hand, to ensure continuous incentives for emission reductions and,
on the other, to limit the environmental compliance costs for the regulated firms;
particularly those competing on world markets (Jaffe, Peterson et al. 1995,
Bergquist, Söderholm et al. 2013). One potential solution to this trade-off are
regulatory ‘time strategies’ (Sartorius and Zundel 2005): dynamic policy
instruments that both induce innovation and allow regulated industries to flexibly
develop new technologies within a rather generous time frame.
A conceivable time strategy in that context is ‘announced’ or ‘non-coercive’
regulation. For example, a polluting firm may embark on innovation activities or
adopt a new technology because it expects or anticipates a certain regulation to
happen in the (near) future, or because the regulator has announced that there is
going to be such a regulation (Similä 2002). A priori, this is a reasonable
regulatory strategy given that the regulated firm is granted time to flexibly identify
new environmental technologies that maximize cost effectiveness. Extended trial
and compliance periods granted to polluting firms by the authorities would be a
specific example in this regard (Bergquist, Söderholm et al. 2013). By contrast,
‘coercive’ regulation occurs, for example, if a regulatory authority establishes an
emission limit value (ELV) in a permit that the regulated mill cannot meet with
existing technologies or technologies that it plans to adopt. That is, the mill
would be forced to adopt a new environmental technology more or less
234
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immediately (Similä 2002). Unlike non-coercive regulation, coercive regulation
can be expected to have a less favorable impact on companies’ innovation
activities and performance because of the missing dynamic component—that is,
a time strategy—in the regulator’s environmental policy design.
Figure III-1 illustrates the mechanisms behind reaching a deep emission
reduction target, 𝐴̅, announced by the regulator.312 The starting point are three
MCA curves, which denote a firm’s marginal abatement costs associated with
existing (‘off-the-shelf’) technologies. The envelope of these technologies is
indicated by the solid straight line, and extrapolations of the envelope—or rather
expectations about novel abatement technologies—are given by the three dashed
lines. Using these new technologies implies embarking on R&D projects, whose
success, however, is uncertain. It is assumed that current and new technologies
in combination will be needed to reach the deep emission cuts suggested by the
regulator. This also affects the relationship between the polluting firm and the
regulator. Regarding the adoption of current abatement technologies, firmregulator information asymmetries can be an issue. In such situations, the
regulator’s most efficient instrument choice tend to be policy instruments that
let firms themselves select the abatement technology with which to achieve a
given emission target (e.g. performance standards instead of technology
standards). Developing new technologies, on the other hand, often involves a
joint regulator-firm uncertainty, which can become manifest in common R&D
efforts as well as a more collaborative attitude on the part of the regulator. In this
case, too, a smart regulatory design involves granting the polluting firms
flexibility, for example, by combining environmental performance standards with
probation periods during which firms can test novel abatement technologies.
Government grants and R&D subsidies would be a further example in that
context based on economic incentive instruments.313
Figure III-1 outlines such regulatory ‘time strategies’ once more: in year t, a
performance standard At+1 is set by the regulator. As can be seen, firms are
unable to reach the standard using existing technologies; however, the probation
period gives them the opportunity to experiment with new technology, which
helps them to eventually comply with the standard. Moreover, this smooth
transition toward deep emission cuts enables firms to combine environmental
and productive investments, avoiding otherwise substantially high short-term
costs for the polluting firms. This process is repeated when the regulator, due to
technical progress, tightens standards, for example, to At+2.

312
313

The discussion draws heavily on Bergquist, Söderholm et al. (2013).
I argue in Part 1, Section 6 that Sweden disposes of such a smart regulatory design.
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Figure III-1. Marginal abatement costs in the presence of deep emission
reductions
Source: Bergquist, Söderholm et al. (2013).

The discussion of dynamic elements in an environmental regulatory framework,
aiming to stimulate companies’ innovation activities and performance has also
taken place in the management literature. A pioneering study, based on case study
evidence, was conducted by Porter and van der Linde (1995a). Five major
characteristics of well-designed environmental regulations are proposed:






Detecting resource inefficiencies at regulated firms and pointing to
possibilities of technological improvement;
Improving environmental awareness on the part of firms;
Decreasing uncertainty regarding the return to environmental
investments if regulations are consistent and have a long time horizon;
Exerting external pressure to stimulate innovation activities, and reduce
organizational inertia as well as agency problems;
Acting as transitional buffer so that new technologies can mature and
learning effects lead to cost reductions and innovation offsets.

Moreover, the authors note three core conditions that should be embedded in
the above regulatory framework in order for the policies to be effective:


The regulatory authority should formulate clear environmental goals but
allow firms themselves to flexibly choose the innovative solutions to
comply with those goals;314

A typical example would be to set performance standards instead of technology standards
(Harrison 2002). Yete, Porter and van der Linde are clear on that the regulator, inspite of
314
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The policy mix should include market-based mechanisms such as
tradable emission permits and pollution taxes rather than technology
standards. These policy instruments are conducive to inducing ongoing
innovation and continuous improvement processes;
There should be coordination in the regulatory process, not least
between the regulatory authorities and the regulated industries, as well
as between regulators at different governmental levels.

The authors’ key message is that the dynamic, flexible and uncertainty-reducing
elements contained in the above policies can induce ‘innovation offsets’ at
regulated firms, that is, they can improve not only firms’ environmental but also
their business performance. The latter can be accomplished through innovations
that, besides benefitting the environment, improve resource productivity. This
notion has come to be known as the Porter Hypothesis (PH).315
As outlined in Part 1, Section 6, Swedish environmental policy incorporates
many of these elements. Comparing U.S. and Swedish regulation with regard to
the PPI, Porter himself notes:
“In contrast to the Swedish standards, “U.S. regulations ignored a critical principle of
good environmental regulation: Create maximum opportunity for innovation by letting
industries discover how to solve their own problems. Unfortunately for the U.S. pulpand-paper industry, a second principle of good regulation was also ignored: Foster
continuous improvement; do not lock in on a particular technology or the status quo.”
(Porter and Van der Linde 1995b, p. 129)

2.2 Previous Evidence on Innovation-inducing
Environmental Policy
The PH has triggered a large literature on its theoretical foundations. Two areas
of research can be distinguished: (i) the neoclassical assumption of profitmaximizing firms is relaxed, in line with the PH’s postulations; and (ii) profit
maximization is still assumed but instead a market failure is posited.316 Previous
firm-level evidence on the PH can be categorized into three areas: (i) the ‘weak’
granting firms flexibility in developing and adopting innovations, should stimulate not
unproductive end-of-pipe solutions but clean product and process innovations generating the
innovation offsets noted above through increased resource productivity. See also Frondel,
Horbach et al. (2007).
315 For example, firms can benefit from an enhanced product value when manufacturing
environmentally friendly products in response to regulation (‘product offsets’). Or regulation
induces them to realize materials savings, re-use by-products and reduce energy consumption.
For a more comprehensive discussion of ’well-designed’ environmental regulation in the
Porterian sense, cf. Part 1, Section 3.1.
316 See Part 1, Section 3.2 for a review.
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version of the PH, which involves examining the link between environmental
regulation and innovation, R&D and investment; (ii) the ‘strong’ version of the
PH, which implies testing the relationship between environmental regulation on
firm performance and competitiveness; and (iii) the ‘narrow’ version, which deals
with the specific impact on innovation or performance of ‘well-designed’
regulations in the Porterian sense (Porter and van der Linde 1995a).317
My empirical analysis aims to contribute to the third body of literature, which
so far has been scarcely explored. More precisely, it provides an empirical test on
the effect of ‘announced’ or ‘anticipated’ regulation on innovation and
performance, using recent (cross-sectional) survey data on Swedish pulp, paper
and chemical firms as empirical application. Previous research regarding
regulatory time strategies in the form of announced regulation is scarce and
primarily based on case study evidence: A Finnish case study by Similä (2002)
suggests that if polluting firms cannot anticipate upcoming regulatory decisions,
the authorities will run the risk of inducing not clean production technologies—
which are both economically and environmentally beneficial—but unproductive
end-of-pipe technologies. Likewise, Mickwitz, Hyvättinen et al. (2008), based on
case study evidence on, among others, the Finnish PPI, find that anticipation and
flexibility are crucial elements of innovation-promoting regulations: new
regulations and tightened existing standards must be foreseeable for the regulated
firms and credible if innovations shall be stimulated. Further Finnish case studies
on the importance of time strategies in environmental policies for firms‘
innovation activities are presented by Mickwitz (2003 ), Kivimaa and Mickwitz
(2006), and Kivimaa (2007).318
A further contribution of the present paper is that it permits examining the
specific effect of environmental regulation on organizational innovation—which
is considered an increasingly important complementary asset for firms’
technological innovations (Lam 2005, Frondel, Horbach et al. 2007, Rehfeld,
Rennings et al. 2007, Wagner 2007, Rave, Goetzke et al. 2011).319 The potentially
important role of such innovations goes back to the resource-based view of the
firm (Wernerfeldt 1984): novel organizational activities and management
practices (e.g. environmental management systems) contribute to enhancing a
firm’s strategic resources and innovative capabilities. The OECD argues that
organizational innovations also have the potential of improving firm
performance:
Most econometric tests focus on the former areas of research (Ambec and Barla 2002,
Wagner 2003, Brännlund and Lundgren 2009).
318 Moreover, there are empirical studies considering dynamic policy designs such as time
strategies in an attempt to compare the effectiveness of different types of policy instruments
in fostering environmental technology adoption (Ashford, Ayers et al. 1985, Taylor, Rubin et
al. 2005, Mohr 2006, Ashford and Caldart 2008, Kemp and Pontoglio 2011). Those studies
conclude that there is no single best instrument in that regard.
319 The OECD (2005) describes organizational innovations as the implementation of new
organizational methods, such as changed business practices, new workplace organization or
changes in the firm’s external relations.
317
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“Organizational innovations are not only a supporting factor for product and process
innovations; they can also have an important impact on firm performance on their own.
Organizational innovations can improve the quality and efficiency of work, enhance the
exchange of information, and improve firms’ ability to learn and utilize new knowledge
and technologies.” (OECD 2005, p. 12)
Hence, examining whether environmental regulation has a positive impact on
firms’ organizational innovations is another important empirical issue.
On that basis, the paper investigates the following research hypotheses:

H1: Flexible, dynamic and uncertainty-reducing environmental regulation has a positive impact
on environmental product innovation (and product offsets) at regulated firms.

H2: Flexible, dynamic and uncertainty-reducing environmental regulation has a positive impact
on environmental process innovation (and process offsets) at regulated firms.

H3: Flexible, dynamic and uncertainty-reducing environmental regulation has a positive impact
on organizational innovation at regulated firms.

H4: Flexible, dynamic and uncertainty-reducing environmental regulation has a positive impact
on regulated firms’ operating performance.

3 Empirical Strategy
My empirical analysis contains two major parts. The first part is devoted to
analyzing the link between well-designed regulation and environmental
innovation at regulated firms. This corresponds to testing the ‘weak’ version of
the PH. The second part examines the impact of well-designed regulation on
regulated firms’ business performance. This implies analyzing the ‘strong’ version
of the PH.320 Regarding the first part of my analysis, I am interested in three types
of innovation: (i) product innovation; (ii) process innovation; and (iii)
organizational innovation.321 To estimate the relationship between
environmental regulation and product innovation, the following model is
specified:
𝑆𝑈𝐶𝑖 = 𝛼0 + 𝜶1 𝑰𝑺𝑬𝑹𝑖 + 𝜶2 𝑰𝑺𝑶𝑻𝑯𝒊 + 𝜶𝟑 𝑭𝑰𝑹𝑴𝒊 + 𝜶4 𝑰𝑵𝑰𝑵𝒊 + 𝜀𝑖

(1)

where SUCi is a continuous and censored variable measuring product innovation
at firm i’. Next, ISERi is a vector containing the key regressors of the empirical
analysis; namely, variables proxying current and expected environmental
Strictly speaking, given that I dispose of proxy variables for ‘well-designed’ regulation, my
empirical analysis makes a contribution to the ‘narrow’ versions of the PH. See Part 1, Section
3.2.
321 (i) and (ii) can be classified as technological innovation.
320
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regulation as a source of environmental innovation at firm i. The remaining
vectors contain control variables in the analysis: ISOTHi includes variables
denoting other sources of environmental innovation at firm i; FIRMi is a vector
with general characteristics of firm i, and the ININi vector includes innovation
input measures for firm i. 𝜀𝑖 is an idiosyncratic error term. A major estimation
issue to be tackled in that context is the fact that for a significant number of
firms, SUCi equals zero. That is, they have not come up with product innovations
during the sample period. Therefore, a tobit model is used with a lower censoring
limit of zero and robust standard errors (Wooldridge 2002, Cameron and Trivedi
2009).
Testing the impact of well-designed environmental regulation on process
innovation at regulated firms is my second empirical task. To that end, I specify
the following model:
Pr(𝑃𝑅𝑂𝐶𝐼𝑖 = 1) = Φ(𝛽0 + 𝜷1 𝑰𝑺𝑬𝑹𝑖 + 𝜷2 𝑰𝑺𝑶𝑻𝑯𝒊 + 𝜷3 𝑭𝑰𝑹𝑴𝑖 + 𝜷4 𝑰𝑵𝑰𝑵𝒊 + 𝜀𝑖 )

(2)

where 𝑃𝑅𝑂𝐶𝐼𝑖 contains various process innovation indicators for firm i and
where ISERi, ISOTHi, FIRMi and ININi are the vectors from equation (1). 𝜀𝑖
is an idiosyncratic error term.
Finally, to test the relationship between well-designed environmental
regulation and organizational innovation at regulated firms, I specify the
following model:
Pr(𝑋𝑖 = 1) = Φ(𝜃0 + 𝛉𝟏 𝐈𝐒𝐄𝐑 𝒊 + 𝜽𝟐 𝐈𝐒𝐎𝐓𝐇𝒊 + 𝜽𝟑 𝑭𝑰𝑹𝑴𝒊 + 𝑰𝑵𝑰𝑵𝒊 + ε𝑖 )

(3)

where 𝑋𝑖 contains an organizational innovation indicator for firm i and where
ISERi, ISOTHi, FIRMi and ININi are the vectors from equations (1) and (2).
𝜀𝑖 is an idiosyncratic error term.
In the second part of my empirical analysis, I estimate the impact of welldesigned regulation on regulated firms’ business performance. To that end, the
following model is formulated:
𝑃𝑅𝐹𝑀𝑖 = 𝛾0 + 𝜸1 𝑰𝑺𝑬𝑹𝑖 + 𝜸2 𝑰𝑺𝑶𝑻𝑯𝒊 + 𝜸3 𝑭𝑰𝑹𝑴𝑖 + 𝜸4 𝑰𝑵𝑰𝑵𝒊 + 𝜀𝑖

(4)

where PRFMi is a continuous variable measuring firm i’s operating performance
and where ISERi, ISOTHi, FIRMi and ININi are the vectors from equations
(1) to (3). 𝜀𝑖 is an idiosyncratic error term.

4 Data, variables and descriptive statistics
4.1 Data Sources
The analysis merges two firm-level datasets by means of a unique firm identifier.
The data were collected by Statistics Sweden (SCB). The data on which the
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innovation models are based, stem from the 2008 Swedish variant of the
Community Innovation Survey (CIS). The observations, on the one hand, are
composed of the population of pulp & paper and chemical firms with 250
employees or more in 2008. On the other, they consist of a random sample of
pulp & paper and chemical firms with 10-249 employees in 2008. The underlying
industry classification is the Swedish Standard Industrial Classification (SNI)
2002, 2-digit level. The CIS survey investigates Swedish companies’ innovation
activities, and is conducted every second year by SCB on behalf of the European
Union and its statistics agency Eurostat. The data used for the operating
performance models are the result of merging the CIS 2008 data with firm-level
operating performance data from SCB (företagsekonomisk statistik database).

4.2 Variables and Descriptive Statistics
Dependent variables in equations (1) to (4)
This section presents the dependent and explanatory variables used for
estimating equations (1) to (4) from Section 3. As for the model measuring
environmental product innovation (equation 1), I specify two specific dependent
variables for my generic notation SUC: turnmar and turnin. Both are continuous
variables censored at zero. turnmar denotes the turnover share (zero to one) in
2008 of new or significantly improved products introduced by firm i during 20062008. Those products are defined as being new to the firm as well as to the
market. In other words, these product innovations are more radical in nature.
turnin is defined in exactly the same way; the only difference is that the products
are defined as being new to the firm only. Hence, this variable refers to product
innovations of a more incremental kind.
Regarding the environmental process innovation model presented in equation
(2), I specify four dummies as dependent variables for my generic notation
PROCI: ECOMAT takes the value one if firm i reduced its material use per unit
produced during 2006-2008, and zero otherwise. ECOSUB takes the value one
if firm i replaced material by less polluting alternatives during 2006-2008, and
zero otherwise. ECOREC take the value one if firm i re-used waste, water or
materials during 2006-2008, and zero otherwise. Finally, INPSSU takes the value
one if firm i during 2006-2008 introduced new or significantly improved support
activities (e.g. maintenance systems, IT management) for its processes, and zero
otherwise. Moreover, I define one specific dependent variable, ORGBUP, for the
generic organizational innovation indicator (Xi) in equation (3). ORGBUP is a
dummy taking the value one if firm i during 2006-2008 introduced new methods
for organizing business processes (e.g. supply chain and knowledge management,
lean production and quality management).
Finally, with respect to the operating performance model set up in equation
(4), I replace the generic dependent variable PRFM by three specific ones. pcm
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denotes firm i’s price cost margin in 2008, op its operating profit in 2008, and lp
its labor productivity in 2008.322 The description of the dependent variables can
once more be found in Table A- III-1 in the Appendix. That table also provides
summary statistics for each variable.
Key regressors in equations (1) to (4)
The major purpose of my empirical analysis is to examine the role of
environmental regulation as source of environmental innovation, and resulting
innovation offsets, at regulated firms. More precisely, I am interested in
measuring the impact of well-designed regulation in the Porterian sense on these
performance indicators. To that end, I define three dummy variables as key
regressors: ENREG takes the value one if firm i introduced environmental
innovations during 2006-2008 due to existing environmental regulations or taxes
on pollution. ENREGF takes the value one if firm i introduced environmental
innovations during 2006-2008 due to environmental regulations or taxes it
expects to be introduced in the future. The latter variable captures regulatory
time strategies which are hypothesized to be more effective in enhancing
regulated firms’ dynamic efficiency than already existing regulations (proxied by
the ENREG variable). My third key regressor, ENGRA, takes the value one if
firm i introduced environmental innovations during 2006-2008 due to the
availability of government grants or subsidies or other financial incentives for
environmental innovation. It proxies uncertainty-avoiding and predictable
environmental policies needed to reduce underinvestment in new
environmentally beneficial technology due to the uncertainty associated with
such new technologies.323 ENREG, ENREGF and ENGRA are contained in
the ISER-vector introduced in Section 3. I expect ENREGF and ENGRA to
have a positive effect on environmental innovation and innovation offsets at
Swedish pulp, paper and chemical firms. This is because they capture flexible and
uncertainty-reducing policy properties in line with the PH.
Control variables in equations (1) to (4)
Environmental regulation is but one potential source of firms’ environmental
innovations and innovation offsets that might result from it. Therefore, the
models in equations (1) to (4) include other possible sources of environmental
innovation as control variables. Two dummies are constructed: ENDEM takes
the value one if firm i introduced environmental innovations during 2006-2008
due to current or expected market demand from its customers for environmental
innovations. ENAGR takes the value one if firm i introduced environmental
innovations during 2006-2008 due to voluntary codes or agreements for
environmental good practice within its sector. ENDEM and ENAGR are
contained in the ISOTH-vector introduced in Sector 3. I expect both variables
322
323

pcm = (value added - payroll)/value added. lp = value added/number of employees.
See Part 1, Section 3.1.
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to have a positive relationship with environmental innovation and innovation
offsets at Swedish pulp, paper and chemical firms.
I moreover include two control variables capturing general firm
characteristics. Emp measures firm i’s average number of employees in 2006. I
expect a positive link between Emp and environmental innovation and
innovation offsets at my sample firms because I assume larger firms to dispose
of larger internal resource which, in turn, should be conducive to a higher
innovation rate. PPDUM is a dummy taking the value one if firm i belonged to
the PPI in 2008, and zero if it belonged to the chemical industry (2-digit NACE
in both cases). This variable reflects potentially differing industry propensities
with regard to environmental innovation. Both variables are contained in the
FIRM-vector introduced in Section 3.
I also include control variables proxying firms’ innovation input
characteristics. rrdinx_in measures firm i’s internal R&D intensity in 2008, which
equals its internal R&D expenditure in that year normalized by net sales. rmacx_in
measures, for 2008, firm i’s expenditure on acquisition of machinery, equipment
and software normalized by net sales. rrdexx_in measures firm i’s external R&D
intensity in 2008, which equals its external R&D expenditure normalized by net
sales. Finally, roekx_in measures, for 2008, firm i’s expenditure on acquisition of
other external knowledge normalized by net sales. All variables are part of the
ININ-vector introduced in Section 3. I expect them to positively innovation at
regulated firms. Table A- III-2 in the Appendix describes the explanatory
variables used in the innovation and operating performance models, while at the
same time including summary statistics. Lastly, Table A- III-3 and Table A- III-4
in the Appendix report pairwise correlations of the variables in the innovation
performance models and operating performance models, respectively.

5 Empirical Results
5.1 Regulation-induced Innovation and Innovation
Offsets
Table III-1 reports regression estimates of regulation-induced environmental
innovation at Swedish pulp, paper and chemical firms. Models (1) and (2) present
tobit estimates, with a lower censoring limit of zero, of regulation-induced
product innovation (cf. equation 1 in Section 3), using turnmar and turnin as
respective dependent variable. Models (3) to (6) report probit estimates of
regulation-induced process innovation (cf. equation 2 in Section 3), using
ECOMAT, ECOSUB, ECOREC and INPSSU as respective dependent variable.
Model (7) presents probit estimates of regulation-induced organizational
innovation (cf. equation 3 in Section 3), using ORGBUP as dependent variable.
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The regressors of primary interest are ENREG, ENREGF and ENGRA, which
measure the effect of ‘well-designed’ regulation as source of firms’ environmental
innovation. The attribute ‘well-designed’ applies in particular to the latter two
variables because they better capture the dynamic, flexible and uncertaintyavoiding policy elements that Porter deemed important if regulation were to
induce innovation and innovation offsets at regulated firms. A broad look at the
results across all models reveals a clear pattern. Current environmental regulation
tends to cripple innovation, whereas future or expected environmental
regulation, as well as the availability of government grants or subsidies, is shown
to have a positive effect on innovation.
Regulation-induced environmental product innovation
Regarding regulation-induced environmental product innovation at polluting
firms, the negative and statistically highly significant coefficient for ENREG in
model (1) suggests that firms that, during 2006-2008, introduced environmental
innovations due to current environmental regulation or pollution taxes, on
average, had a lower turnover share, in 2008, of market novelties introduced
during 2006-2008 than firms that did not. In other words, firms exposed to
stricter environmental regulation, on average, were less able to introduce radical
production innovations in the market than the less strictly regulated ones. One
explanation for this might be that stricter regulation entails higher environmental
compliance expenditures—for the environmental innovations demanded by the
authorities (most likely unproductive end-of-pipe innovations).324 This in turn
tends to crowd out more productive investments in R&D, thereby dampening
regulated firms’ introduction of market novelties.
By contrast, future or expected regulation had a positive, albeit weaker, effect
on product innovation, as evidenced by the positive and statistically significant
ENREGF-coefficient in model (2): Firms that during 2006-2008 introduced
environmental innovations due to environmental regulations or taxes they
expected to be introduced in the future, on average, had a higher turnover share,
in 2008, of new or significantly improved products introduced during 2006-2008
(new to the firm only) relative to firms that did not. This can be interpreted such
that firms identify cost-effective ways of reducing their products’ environmental
footprint to comply with future regulation—introducing an incremental
production innovation is certainly a more cost-effective way of achieving
environmental compliance than investing larger resources in R&D to generate
market novelties. In terms of the PPI, a typical example in that context is recycled
paper or products made out of recycled paper: Recycled paper, among others,
consumes significantly less energy than other types of paper, which entails
significantly less air pollution on the part of the pulp and paper mill. Thus,
adopting the common industry practice of producing paper out of recycled pulp
allows the pulp and paper mill to improve on its current air pollution record,
324

For a discussion of end-of-pipe innovations, see Part 1, Sections 3 and 5.
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thereby preparing it either for future command-and-control (CAC) regulations
related to air pollution or for an expected increase in pollution taxes or charges.325
Model (2) somewhat surprisingly also reveals that firms that during 2006-2008
introduced environmental innovations due to the availability of government
grants or subsidies or other financial incentives for environmental innovation
had a lower turnover share in 2008 of incremental product innovations (firm
novelties) than firms that did not. One reason for this outcome could be that
these grants or subsidies are primarily intended to induce environmental process
innovation rather than product innovation.326 If that is the case, they may attract
firms from industries where environmental innovation tends to occur via
environmental process innovation, which indeed applies to the pulp and paper
industry (see Part 1, Section 5). On that basis, the negative and statistically
negative coefficient for ENGRA may have been caused by the pulp and paper
firms in my sample.
It is noteworthy that my results implicitly also provide evidence of innovation
offsets: According to Porter, one type of regulation-induced innovation offsets
are innovations that both reduce the environmental footprint and improve
products (i.e. enhance product value).327 The detected positive correlation
between ENREGF and turnin obviously satisfies this definition. Hence, the
regression results in models (1) and (2) lend support to my hypothesis (H1) that
flexible, dynamic and uncertainty-reducing environmental regulation has a
positive impact on environmentally benign product innovation (and product
offsets) at regulated firms, whereas existing regulation appears not to be able to
induce such dynamic efficiency improvements and a ‘win-win’ situation of
mutual environmental and economic benefits, respectively.
Regulation-induced environmental process innovation
As for models (3) to (6), which measure regulation-induced environmental
process innovation, my findings for ENREGF and ENGRA provide strong
evidence of the effectiveness of dynamic, flexible and uncertainty-reducing
environmental policies in inducing environmental process innovation at
polluting firms. At the same time, my results suggest that existing regulation tends
to cripple firms’ process eco-innovation activities, as evidenced either by negative

Future CAC regulation, for example, applies when a polluting plant’s operating permit
needs to be revised by Swedish environmental courts, which typically occurs every ten years
(Swedish Code of Statutes 1998a). It also occurs when a plant plans needs regulatory approval
for expanding its production capacity (see Part 1, Section 6.2). An example of an announced
or expected rise of pollution taxes or charges is the increase in Sweden’s nitrogen oxides
(NOx) charge in 2008, which was known to plant operators in advance. This event certainly
induced compliance measures, with the introduction of recycled pulp and paper representing
on possible compliance measure in that context (see also Part 1, Section 6.1.3).
326 In Section 6.1 of Part 1 I discussed process-related grants and subsidies for polluting
industries.
327 See Part 1, Section 3.1.
325
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and statistically significant coefficients or by insignificant (negative) coefficients
for ENREG.
Clear evidence of a negative relationship between ENREG and
(environmental) process innovation is provided by models (3) and (6). As for the
former, the negative and statistically weakly significant coefficient for ENREG
indicates that firms that, during 2006-2008, introduced environmental
innovations due to current environmental regulation or pollution taxes, on
average, were less likely to reduce material use per unit produced. The negative
and statistically highly significant ENREG-coefficient in model (6) suggests that
firms that, during 2006-2008, introduced environmental innovations due to
current environmental regulation or pollution taxes, on average, were less likely
to introduce new or significantly improved support activities (e.g. maintenance
systems, procurement, and IT management) for their processes. Both estimation
results can be interpreted such that firms exposed to stricter environmental
regulation, on average, have to incur higher environmental compliance
expenditures for the environmental innovations that the regulator asked them to
introduce (most likely unproductive end-of-pipe innovations). This in turn
appears to crowd out more productive investments in R&D and process
efficiency.
Robust evidence of a positive relationship between dynamic, flexible and
uncertainty-reducing environmental policies and environmental process
innovation is given by models (3), (5) and (6). The positive and statistically highly
significant ENGRA-coefficient in model (3) suggests that firms that, during
2006-2008, introduced environmental innovations due to the availability of
government grants or subsidies or other financial incentives for environmental
innovation, on average, were more likely to reduce material use per unit output.
Moreover, the positive and statistically highly significant ENGRA-coefficient in
model (5) indicates that firms that, during 2006-2008, introduced environmental
innovations due to government grants or subsidies also were more likely to reuse waste, water or materials during the same period. Both findings suggest that
including grants and subsidies in the Swedish environmental policy mix has
proven successful in overcoming some of the uncertainty associated with the
adoption of new productivity-enhancing and environmentally beneficial process
technologies.328
Next, the positive and statistically highly significant ENREGF-coefficient in
model (5) indicates that firms that, during 2006-2008, introduced environmental
innovations due to expected environmental regulation or pollution taxes, on
average, were more likely to re-use waste, water or materials than firms that did
not.329 Similarly, the positive and statistically highly significant coefficient for
ENREGF in specification (6) shows that firms that, during 2006-2008,
See Part 1, Section 3.1.
With regard to re-using material, waste and water (model 5), a typical example for the PPI
would be the implementation of closed-loop water systems in pulp and paper mills or the reuse of bark as biofuels (European Commission 2001).
328
329
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introduced environmental innovations due to expected environmental regulation
or pollution taxes, on average, were more likely to introduce new or significantly
improved support activities than firms that did not. In other words, the
regulator’s announcement to either sharpen existing, or introduce new
regulations, appears to spur firms to increase resource efficiency in their
production processes and reap process offsets, respectively (Porter and van der
Linde 1995a). By contrast, less regulated firms (i.e. those that did not introduce
environmental innovations due to expected regulation) seem to have less
incentive to such productivity-enhancing support activities.
It is noteworthy that my results implicitly also provide evidence of innovation
offsets: According to Porter, another type of regulation-induced innovation
offsets are innovations that both reduce the environmental footprint and
improve production processes (i.e. cut costs).330 The detected positive correlation
in particular between ENREGF and ENGRA, my key regressors, and
ECOMAT and ECOREC, the dependent variables in models (3) and (5)
obviously satisfies this definition. Thus, the regression results in models (3) to (6)
lend support to my hypothesis (H2) that flexible, dynamic and uncertaintyreducing environmental regulation has a positive impact on environmentally
benign process innovation (and process offsets) at regulated firms, whereas
existing regulation appears not to be able to induce such dynamic efficiency
improvements and a ‘win-win’ situation of mutual environmental and economic
benefits, respectively.
Regulation-induced organizational innovation
I also find weak evidence of a positive impact of flexible and dynamic regulation
via time strategies on organizational innovation at polluting firms: The positive
and weakly statistically significant coefficient for ENREGF in model (7) suggests
that firms that during 2006-2008 introduced environmental innovations due to
expected environmental regulation or pollution taxes, on average, were more
likely to implement new methods for organizing business processes than firms
that did not. This can be interpreted such that the regulator’s announcement to
either sharpen existing, or introduce new regulations, spurs firms to increase their
environmental performance by means of introducing organizational innovations,
whereas the less regulated have less incentive to do so. For example, as for the
PPI, a well-proven and cost-effective environmental organizational innovation is
the implementation of an energy management system. Such a system aims at
shifting the organization’s mindset toward an optimized organization-wide
management of energy—by creating a comprehensive framework for energy
target setting, monitoring and continuous improvement practices (Kramer,
Masanet et al. 2009). Staff training and involvement, as well as the
complementing use of environmental management systems, also contribute to
realizing energy efficiency savings (European Commission 2001, Kramer,
330

See Part 1, Section 3.1.
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Masanet et al. 2009) and hence innovation offsets in accordance with Porter and
van der Linde (1995a).331 Thus, the regression results in model (7) lend some
support to my hypothesis (H3) that flexible, dynamic and uncertainty-reducing
environmental regulation has a positive impact on organizational innovation at
regulated firms, whereas existing regulation appears not to be able to induce such
dynamic efficiency improvements.
Table III-1. Estimated regression coefficients for regulation-induced
innovation at Swedish pulp, paper and chemical firms
DEP.
VAR
ENREG
ENREGF
ENGRA
ENDEM
ENAGR
ln(Emp)
PPDUM
rrdinx_in
rmacx_in
rrdexx_in
roekx_in
#Obs

(1)
turnmar
-0.123***
(0.041)
0.035
(0.040)
-0.034
(0.072)
0.083*
(0.047)
0.034
(0.045)
0.0125
(0.0127)
-0.006
(0.038)
0.101
(0.223)
0.430*
(0.223)
0.178
(0.275)
7.643
(5.419)
99

(2)
(3)
(4)
(5)
(6)
(7)
turnin
ECOMAT
ECOSUB
ECOREC
INPSSU
ORGBUP
Well-designed regulation as source of environmental innovation
-0.024
-0.696*
-0.470
-0.0498
-1.059**
-0.356
(0.049)
(0.400)
(0.381)
(0.445)
(0.415)
(0.372)
0.081*
0.375
0.580
1.034**
1.284***
0.739*
(0.048)
(0.387)
(0.423)
(0.412)
(0.447)
(0.413)
-0.198***
1.277**
0.570
1.555**
0.980
0.266
(0.071)
(0.616)
(0.772)
(0.643)
(0.704)
(0.624)
Other sources of environmental innovation
-0.050
0.890**
1.614***
0.528
0.624*
0.253
(0.039)
(0.359)
(0.363)
(0.381)
(0.365)
(0.346)
0.106**
-0.167
0.638
-0.172
-0.075
-0.326
(0.047)
(0.402)
(0.400)
(0.455)
(0.381)
(0.383)
General firm characteristics
0.029**
0.258**
-0.207
-0.042
0.088
-0.106
(0.015)
(0.100)
(0.129)
(0.105)
(0.112)
(0.099)
-0.013
0.532*
-0.591*
-0.057
0.391
0.275
(0.036)
(0.292)
(0.344)
(0.323)
(0.312)
(0.289)
Firm innovation input characteristics
0.029
0.277
-6.405*
2.200
1.991
-0.833
(0.224)
(1.613)
(3.274)
(2.248)
(1.604)
(1.632)
0.098
4.672*
6.772*
0.665
-4.905
-3.554
(0.195)
(2.805)
(3.653)
(2.988)
(4.818)
(2.872)
-1.355***
-11.52
-48.18
8.587**
-7.424
23.63**
(0.492)
(10.01)
(73.54)
(3.701)
(4.617)
(11.00)
5.876
-34.27
-211.4*
12.82
-16.540
-42.49
(4.692)
(53.88)
(117.1)
(51.16)
(45.710)
(50.33)
99
98
98
98
99
99

Note: The dataset is a cross-section of Swedish pulp, paper and chemical firms with >9 employees in
2006. Specifications (1) and (2) present tobit estimates, with a lower censoring limit of zero, on product
innovation (eq. 1 in Section 3), using turnmar and turnin as dependent variables. Specifications (3) to (6)
report probit estimates based on equation (2) in Section 3, using ECOMAT, ECOSUB, ECOREC and
INPSSU as respective dependent variable. Specification (7) presents probit estimates based on equation
(3) in Section 3, using ORGBUP as dependent variable. Robust standard errors in parentheses. ***
p<0.01, ** p<0.05, * p<0.1.

331

See also Part 1, Section 5.
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5.2 Regulation-induced Improvements in Operating
Performance
This section provides probably the most powerful empirical test of regulationinduced innovation offsets: I examine whether ‘well-designed’ Swedish
environmental regulation in the Porterian sense has been able induce
improvements in operating performance of Swedish pulp, paper and chemical
firms —via the innovation offsets discussed in the previous section.
Table III-2. Regression results for regulation-induced improvements in
operating performance of Swedish pulp, paper and chemical firms
DEP.
VAR
ENREG
ENREGF
ENGRA
ENDEM
ENAGR
ln(Emp)
PPDUM
rrdinx_in
rmacx_in
rrdexx_in
roekx_in
#Obs

(1)
(2)
(3)
pcm
ln(op)
ln(lp)
Eco-innovation due to well-designed regulation as source of improved performance
-0.062
0.364
0.188
(0.069)
(0.439)
(0.299)
0.020
0.370
0.163
(0.071)
(0.396)
(0.254)
0.156
0.478
0.234
(0.099)
(0.608)
(0.377)
Eco-innovation due to other reasons as source of improved performance
-0.012
0.302
0.182
(0.054)
(0.301)
(0.268)
-0.079
-0.782
-0.216
(0.059)
(0.490)
(0.232)
General firm characteristics as source of improved performance
0.028
1.358***
0.466*
(0.046)
(0.149)
(0.246)
-0.007
-1.422***
-1.332
(0.172)
(0.444)
(0.877)
Firm innovation input characteristics as source of improved performance
-0.506
-2.964
-1.271
(0.576)
(5.822)
(3.026)
0.459
3.012
1.242
(0.295)
(2.832)
(1.014)
-0.440
-3.110
0.836
(0.403)
(2.064)
(2.054)
-8.933
-106.0**
15.69
(6.506)
(50.53)
(36.86)
70
57
70

Note: The table presents OLS estimates based on equation (4) in Section 3. The dataset is a cross-section
of Swedish pulp, paper and chemical firms with >9 employees in 2006. The dependent variables are pcm
for specification (1); ln(op) for specification (2), and ln(lp) for specification (3). Robust standard errors in
parentheses. *** p<0.01, ** p<0.05, * p<0.1.

Models (1) to (3) in Table III-2 report OLS regression estimates for three proxies
of operating performance. The regressors of primary interest are ENREG,
ENREGF and ENGRA, which measure the effect of ‘well-designed’ regulation
as source of firms’ environmental innovation. As argued in the previous sections,
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the attribute ‘well-designed’ applies in particular to the latter two variables. I do
not detect any statistically significant relationship between the ENREG,
ENREGF and ENGRA-variables and pcm, ln(op) and ln(lp); the respective
performance measures in specifications (1) to (3). Hence, my empirical analysis
neither rejects nor confirms Porter’s claim that well-designed environmental
regulations trigger innovation offsets which, in turn, enhance regulated firms’
business performance. In other words, Swedish environmental regulation neither
seems to put a strain on business performance, nor does it appear to boost
business performance. What can be said, based on the result table in the previous
section is that Swedish environmental regulation has the potential to induce
innovation offsets; however, these offsets did not translate in an improved
business performance, as evidenced by the regression results in Table III-2. One
reason for that may be that innovation offsets take time to materialize (Porter
and van der Linde 1995a). My sample, consisting of a cross-section of firms,
clearly did not allow for a dynamic empirical test in that regard.332

6 Discussion and Conclusions
This paper contributes to the scarce literature on the ‘narrow’ version of the
Porter Hypothesis (PH). The PH’s ‘narrow’ version posits that ‘well-designed’
environmental regulation can induce innovation at regulated firms in a way that
simultaneous improvements in environmental and economic performance
result.333 Ideally, the economic benefits are such that the net cost of complying
with regulation is partially or more than fully offset. It is these ‘innovation offsets’
at regulated firms that may ultimately lead to a competitive advantage over those
firms not affected by such ‘well-designed’ regulations (Porter and van der Linde
1995a, Porter and Van der Linde 1995b).
I provide an empirical test of the alleged effectiveness of ‘well-designed’
environmental regulation in stimulating environmental innovation and
innovation offsets at regulated firms. In that context, one focus is on testing the
impact of regulatory ‘time strategies’ in the form of announced or non-coercive
regulation (Sartorius and Zundel 2005). Time strategies are dynamic instruments
in environmental policy supposed to induce innovation by allowing regulated
firms to flexibly develop or adopt new technologies within a generous time
frame. Announced regulation is commonly distinguished from existing or
coercive regulation (Similä 2002). A second focus is on analyzing whether
regulated firms’ eco-innovation activities, and innovation offsets potentially
resulting from that, also are stimulated by uncertainty-avoiding economic
See Part 1, Section 3 and Part II for more profound elaborations on empirical tests of the
PH’s dynamic nature.
333 For a more thorough discussion of the PH’s ‘narrow verision,’ I refer the reader to Part 1,
Section 3.1 and Part 2.
332
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incentive instruments in the form of government grants and subsidies for
innovation purposes (Jaffe, Newell et al. 2005).A third focus is on analyzing the
effect of well-designed regulation on organizational innovation, which has
become an important complementary asset for firms’ technological innovations
(Rave, Goetzke et al. 2011). The empirical application is a cross section of
Swedish pulp, paper and chemical firms; two highly regulated sectors in Sweden.
Besides, Swedish environmental policy provides an interesting case in terms of
assessing the PH’s empirical validity, given that Porter himself praised the
country for its advanced regulatory design (Porter and Van der Linde 1995b).
The empirical results provide evidence of the effectiveness, on the one hand,
of uncertainty-avoiding economic incentive instruments in the form of
government grants and subsidies and, on the other, of regulatory time
strategies—in the form of announced regulation—in stimulating firms’
innovation activities: Current environmental regulation tends to cripple
innovation, whereas expected regulation as well as grants and subsidies have a
positive impact on environmental innovation. In other words, this paper
provides evidence of the PH and its dynamic nature: not existing but future
regulation, or rather the regulator’s announcement to introduce new
regulations—or to sharpen existing ones—appears to induce firms to innovate.
Besides, some types of innovation have the potential of acting as ‘innovation
offsets’ in the Porterian sense (Porter and van der Linde 1995a). This applies in
particular to incremental product innovations and certain types of environmental
process innovation, which are discussed more thoroughly in the result section. I
moreover find that announced regulation has a positive impact on organizational
innovation at regulated firms, whereas existing regulation appears not to be able
to induce such dynamic efficiency improvements. To sum up, the results provide
evidence that expected regulation has the potential to induce product, process
and organizational innovation, as well as to trigger innovation offsets, at
regulated firms whereas current regulation does not. Timely announcement of
regulatory changes, and the concession of phase-in periods on the part of the
regulator, is indeed a salient feature of Swedish environmental policy (Porter and
van der Linde 1995a, Harrison 2002, Lönnroth 2010). By contrast, there is no
empirical evidence whatsoever that well-designed environmental regulation
induces improvements in firms’ operating performance. That is, the potential
innovation offsets detected in the analysis were not sufficient to boost firms’
operating performance. It has to be noted, however, that the empirical analysis
was based on a cross-section of firms, and that Porter’s posited regulationinduced innovation offset may take some time to materialize in the form of an
improved operating performance.
My findings provide valuable policy implications. The analysis has shown that
Sweden indeed can be considered a role model regarding the alignment of
environmental and economic policy objectives. The major question is to what
extent the Swedish ‘way’ is exportable to other countries. One salient feature of
Swedish environmental regulation of polluting industries is the collaborative
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approach in Swedish environmental policy. That approach involves close and
consensus-based regulator-industry cooperation in a setting of mutual trust.334
Applying the Swedish model to countries characterized by more confronting
regulator-industry relationships (or, more generally, more confronting ‘informal’
rules of the game) appears difficult.
The paper can be improved in various ways. First, from a policy perspective,
it would be important to find out whether regulatory time strategies have the
potential to improve not only firms’ innovation indicators but also their business
performance, as posited by the PH. This, however, would require a panel dataset
instead of a cross section because innovation offsets may take time to materialize.
Second, with regard to the use of proxies for process and organizational
innovation, the paper would certainly gain from including more numerical
dependent variables rather than dummy variables. In this way, I would be able to
move from qualitative to more quantitative results. Finally, there is a potential
estimation issue that might be considered: Two of the key regressors, ENREG
and ENREGF, might be endogenous. This could be addressed, for example, by
using two treatment effect model specifications with ENREG and ENGREF as
respective dependent variable for the selection equation.335

See Part 1, Section 6.
I decided to keep the current specification after a discussion with Professor Dirk Czarnitzki
(KU Leuven) at the 2012 Competition and Innovation Summer School (CISS) in Marmaris,
Turkey.
334
335
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pcm
ln(op)
ln(lp)

ORGBUP

ECOMAT
ECOSUB
ECOREC
INPSSU

turnmar
turnin

Var

Description
Mean
(1) PRODUCT INNOVATION MODELS: DEPENDENT VARIABLES
Turnover share (0-1) in 2008 of new/sig. improved prod. introduced during 2006-2008; new to firm & market
0.05
Turnover share (0-1) in 2008 of new/sig. improved products introduced during 2006-2008: new to firm only
0.05
(2)
PROCESS INNOVATION MODELS: DEPENDENT VARIABLE
Reduced material use per unit produced/ delivered during 2006-2008; 0:No 1:Yes
0.40
Material substituted by less polluting/hazardous alternatives during 2006-2008; 0:No 1:Yes
0.39
Re-usage of waste, water or materials during 2006-2008; 0:No 1:Yes
0.34
Introduction during 2006-2008 of new/significantly improved support activities (e.g. maintenance systems, 0.32
procurement, accounting & IT management) for firm's processes; 0:No 1:Yes
(3)
ORGANIZATIONAL INNOVATION MODEL: DEPENDENT VARIABLE
New methods during 2006-2008 for organizing business processes (e.g. supply chain, knowl. mgmt, lean 0.47
production, quality mgmt; 0:No 1:Yes
(4)
OPERATING PERFORMANCE MODELS: DEPENDENT VARIABLES
Firm’s price cost margin in 2008 = (val. added - payroll)/val. added
0.51
Log of firm’s operating profit in 2008
16.98
Log of firm’s labor productivity in 2008 = val. added/no. employees
13.43

0.37
2.17
1.71

0.50

0.49
0.49
0.47
0.47

0.08
0.09

St.dev

Table A- III-1. Description and summary statistics for the dependent variables in the empirical analysis

Appendix

-0.76
11.14
0.00

0.00

0.00
0.00
0.00
0.00

0.00
0.00

Min

2.65
22.27
16.25

1.00

1.00
1.00
1.00
1.00

0.40
0.59

Max

Exp. Sign

KEY EXPLANATORY VARIABLES: REGULATION AS SOURCE OF ENVIRONMENTAL INNOVATION
Firm introduced environmental innovations during 2006-2008 due to
Existing environmental regulations or taxes on pollution; ; 0:No 1:Yes
+ // Porter Hypothesis
Environmental regulations or taxes firm expects to be introduced in future; 0:No 1:Yes
+ // Porter Hypothesis
Availability of government grants, subsidies or other financial incentives for environmental + // Porter Hypothesis
innovation; 0:No 1:Yes
CONTROL VARIABLES I: OTHER SOURCES OF ENVIRONMENTAL INNOVATION
Firm introduced environmental innovations during 2006-2008 due to
Current or expected market demand from your customers for environmental +
innovations; 0:No 1:Yes
Voluntary codes/agreements for environmental good practice within sector; 0:No 1:Yes
+CONTROL VARIABLES II: GENERAL FIRM CHARACTERISTICS
Log of firm’s average number of employees in 2006
+//Size, scale economies,
internal resources
Dummy indicating whether firm belonged to PPI in 2008; 1:yes 0:no, then firm part of +/- diff. industry propenchemical industry (2-digit NACE)
sities w.r.t innovation
CONTROL VARIABLES III: FIRM INNOVATION INPUT CHARACTERISTICS
Internal R&D intensity in 2008 = internal R&D expenditure/net sales
+//innovation input
Intensity in 2008 of expenditure on acquisition of machinery, equipment & software = +//innovation input
exp. on acq. of machinery/equip./softw./net sales
External R&D intensity in 2008 = external R&D expenditure/net sales
+//innovation input
Intensity in 2008 of expenditure on acquisition of other external knowledge = exp. on acq. +//innovation input
of other ext. knowl./net sales

Description

0.01
0.00

0.04
0.02

0.38

4.76

0.31

0.34

0.26
0.24
0.09

Mean

0.03
0.00

0.10
0.06

0.49

1.45

0.47

0.47

0.44
0.43
0.29

St.
Dev

0.00
0.00

0.00
0.00

0.00

2.30

0.00

0.00

0.00
0.00
0.00

Min

0.30
0.03

0.68
0.48

1.00

8.28

1.00

1.00

1.00
1.00
1.00

Max

Note: The table reports summary statistics for the explanatory variables for the models described by equations (1) to (4). The dependent variables are as follows: turnmar
and turnin (eq. 1); ECOMAT, ECOSUB, ECOREC and INPSSU (eq. 2); ORGBUP (eq. 3); pcm, ln(op), ln(lp) (eq. 4).

rrdexx_in
roekx_in

rrdinx_in
rmacx_in

PPDUM

ln(Emp)

ENAGR

ENDEM

ENREG
ENREGF
ENGRA

Var

Table A- III-2. Description and summary statistics for the explanatory variables in the empirical analysis

1.0
0.2
0.3
0.1
0.1
0.2
0.1
-0.1
0.0
0.2
-0.1
0.1
0.3
0.2
0.0
-0.1
0.1
-0.1
0.1

turnin

1.0
0.4
0.2
0.2
0.1
0.1
0.0
0.0
0.1
0.1
0.1
0.0
0.2
0.2
0.0
-0.1
-0.1
0.1

inpspd

1.0
0.3
0.3
0.2
0.1
0.2
0.0
0.4
0.2
0.2
0.2
0.1
0.1
0.1
-0.1
-0.1
0.0

inpssu

1.0
0.5
0.0
0.1
0.0
0.0
0.2
0.2
0.2
0.1
0.2
0.2
0.0
0.0
-0.1
-0.1

ecomat

1.0
0.2
0.3
0.1
0.3
0.3
0.4
0.2
0.2
0.3
0.2
0.0
-0.1
0.1
0.0
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1.0
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0.1
0.1
0.4
0.0
0.5
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-0.2
-0.2
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-0.1
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1.0
0.0
0.2
0.4
0.4
0.2
0.3
0.0
-0.1
0.1
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0.2
0.2

ecorec

1.0
0.0
0.1
0.1
0.1
0.0
0.0
0.1
0.0
-0.1
0.1
0.0

orgbup

1.0
0.4
0.4
0.3
0.5
0.2
0.0
0.0
0.1
0.0
0.0

enreg

1.0
0.4
0.3
0.5
0.1
-0.1
0.0
0.1
0.0
0.1

enregf

1.0
-0.1
0.3
0.2
0.0
0.2
-0.1
0.1
0.2

engra

1.0
0.4
0.0
-0.1
-0.1
-0.2
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0.0

endem

1.0
0.1
-0.1
0.1
0.1
0.2
0.1

enagr

1.0
0.3
-0.1
-0.2
0.1
-0.2

ln
(emp)

1.0
-0.1
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0.1
-0.2

p&p
Dum

1.0
0.1
0.1
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rrdinx
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0.0
0.3
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0.1
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Note: The table reports the correlation matrix for the innovation models in equations (1) to (3). The underlying sample is a 2008 cross-section of firms belonging to the Swedish pulp, paper and chemical industries.
The firms have at least 10 employees. The dependent variables are as follows: turnmar and turnin (eq. 1); ECOMAT, ECOSUB, ECOREC and INPSSU (eq. 2); ORGBUP (eq. 3);
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Table A- III-3. Pairwise correlations of the variables in the innovation models
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0.1
0.1
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0.2
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ln(op)

1.0
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0.1
0.5
0.0
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ln(lp)

1.0
0.5
0.3
0.2
0.4
0.1
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0.0

enreg
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0.4
0.3
0.5
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-0.2
-0.2
0.2
-0.1
0.0

enregf

1.0
-0.1
0.3
0.1
-0.1
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-0.1
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0.3
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1.0
0.2
-0.1
-0.1
-0.1
-0.2
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-0.1
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1.0
0.1
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0.1
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enagr
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0.6
-0.2
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ln(emp)

1.0
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0.2
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1.0
0.2
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Note: The table reports the correlation matrix for the operating performance models in equation (4). The underlying sample is a 2008 cross-section of firms belonging to the Swedish pulp and
paper as well as chemical industry. The firms have at least 10 employees. The dependent variables are: pcm; ln(op), and ln(lp).
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Table A- III-4. Pairwise correlations of the variables in the operating performance models
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DECENTRALIZED REGULATION AND
ENVIRONMENTALLY-SENSITIVE
PRODUCTIVITY GROWTH
A Nonparametric Approach to the Porter Hypothesis
Vivek Ghosal, Andreas Stephan & Jan F. Weiss
ABSTRACT
Using a unique plant-level dataset we examine green TFP growth and its
components (efficiency change and technical change) in Sweden’s heavily
regulated pulp and paper industry, which has historically been a significant
contributor to air and water pollution. In doing so, we contribute to the stillyoung empirical literature on a recast version of the Porter Hypothesis, which
posits a positive relationship between environmental regulation and green TFP
growth of regulated firms. We also test whether regulation stimulates standard
TFP growth, which is claimed by the ‘original’ Porter Hypothesis. Our exercise
is interesting as Sweden has a unique regulatory structure where plants have to
comply with, on the one hand, plant-specific regulatory standards stipulated at
the national level and, on the other, decentralized local supervision and
enforcement. In our analysis, we use the sequential Malmquist-Luenberger TFP
index which accounts for air and water pollutants as undesirable outputs. Some
of our key findings are: (1) regulation has a positive effect on plants’ green
technical change, which supports the PH’s recast version; (2) regulation has a
negative effect on conventional TFP growth, which provides evidence against
the original PH; (3) decentralized Swedish CAC regulation has a tendency for
regulatory bias, entailing a politically motivated discriminatory treatment of
plants with otherwise equal characteristics.
Keywords: TFP, DEA, Sequential Malmquist-Luenberger productivity index, pulp
and paper industry, pollution, environmental regulations, enforcement, plant-specific
regulation, decentralized regulation, Porter Hypothesis.
JEL classification: D24; L51; L60; Q52; Q53; Q58
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Vivek Ghosal, Andreas Stephan & Jan F. Weiss

1 Introduction
The literature examining the impact of environmental regulation has highlighted
a negative link between regulatory standards and manufacturing industries’ total
factor productivity (TFP) growth (Gray 1987, Jaffe, Peterson et al. 1995). As
environmental compliance forces firms to reallocate real resources to pollution
abatement and control activities, costs increase and TFP growth declines
(Repetto, Rothman et al. 1997). Harvard Professor Michael Porter has
questioned this entrenched view. In his widely debated Porter Hypothesis (PH),
he makes a case that regulation-induced innovation may actually trigger longer
term enhancements in technology and productivity (Porter and van der Linde
1995a, Porter and Van der Linde 1995b).336 Besides, pollution control measures
might have productivity enhancing effects simply because they curb the
production of ‘undesirable’ outputs, such as air emissions and water effluents,
which are created along with the production of conventional ‘desirable’ output
(Chung, Färe et al. 1997). Empirical tests of the impact of environmental
regulation on TFP growth measures able to capture the multi-output nature
(including bad outputs) of technology are known as tests of a recast version of
the PH (Managi, Opaluch et al. 2005).
This paper contributes to the still-young empirical literature on the PH’s
recast version. At the same time, it provides an empirical test to the ‘original’ PH
and its posited positive link between environmental regulation and conventional

336

See Part 1, Section 3.
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TFP growth of regulated firms.337 The literature on the PH’s recast version
harnesses non-parametric methods, and their methodological advantages relative
to pure econometric techniques involving fixed functional forms. A major
benefit of non-parametric approaches is their ability to model multi-output
technologies. When modeling the activities of polluting firms, this implies that
firms’ ‘undesirable’ or ‘bad’ outputs (e.g. air and water emissions) can be included
in the production technology. This makes sense from a productivity perspective
because polluting firms often allocate substantial productive resources to reduce
bad outputs without being compensated for these measures on the output side—
because conventional productivity measures only consider ‘good’ (i.e.
conventional) output, alongside conventional inputs. Thus, standard TFP
indexes tend to underestimate firms’ TFP growth since they do not consider the
fact that pollution abatement has led to positive effects on the output side in the
form of reduced bad output. This bias is eliminated by so-called environmentallyadjusted performance measures (Chung, Färe et al. 1997). A non-parametric
approach typically applied in that context is data envelopment analysis (DEA) in
connection with a so-called directional distance function (DDF).338 Based on the
underlying multi-output technology, DEA constructs a technology frontier
consisting of the best-performing firms in the sample. Lower-performing firms
are clustered below the frontier.
With regard to the PH, a second key argument in favor of non-parametric
methods such as DEA is that they allow for potential ‘win-win’ or ‘double
dividend’ effects from regulation; the PH’s key message. This is because of the
fact that firms are allowed be below the production possibility frontier; a
departure from the neoclassical assumption of profit-maximizing firms in line
with the PH’s postulations. The above ‘Porter effects’ can hence be achieved via
an increased static efficiency (i.e. firms’ catching up to the frontier). In a dynamic
DEA setting, Porter effects can moreover materialize through an enhanced
dynamic efficiency (i.e. shift of the frontier via technology development).339
Hence, the DEA-DDF approach is appealing to gain improved insight into the
effect of environmental regulation on firm performance.
One way of analyzing that link is to regress the environmentally-adjusted
performance variable, obtained using the DEA-DDF approach, on proxy
variables for environmental regulation. Those regulatory proxies are examples of
so-called uncontrollable variables: explanatory variables that are assumed to
affect the environmentally-adjusted performance measure while being beyond
the manager’s control. Referred to as a two-stage model, this approach has
certain advantages over other techniques (Yang and Pollitt 2009). It is the
approach chosen in the empirical analysis of this paper.
Our empirical application are the most pollution-intensive Swedish pulp and
paper plants (‘A-Plants’), which we observe during 1999-2013. The two-stage
An extensive literature review on the PH is given in Part 1, Section 3.2.
See (Chung, Färe et al. 1997).
339 See Chung, Färe et al. (1997), Marklund (2003), and Brännlund and Lundgren (2009).
337
338
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model involves, in a first step, the use of the DEA-DDF approach to calculate
environmentally-adjusted TFP growth for these plants, including air and water
pollutants.340 We compute our green TFP growth measure employing the
recently developed sequential Malmquist-Luenberger (SML) productivity index
(Oh and Heshmati 2010). The second stage of our modeling approach involves
using the environmentally sensitive TFP measure as dependent variable in a
parametric regression model built to explain to what extent the variation in
plants’ environmentally sensitive TFP growth is explained by environmental
regulation.
Our empirical contribution regarding the recast PH is twofold. First, we test
the impact of regulatory stringency on environmentally-adjusted TFP growth,
adding to the scarce empirical literature in that field. Second, we aim to
empirically verify Porter’s argument that environmental regulation should be
coordinated (industry-industry, regulator-industry, regulator-regulator) to
increase the odds that a ‘double dividend’ in the form of simultaneous
environmental and economic benefits will occur. Regarding the issue of policy
coordination at the regulator-regulator level, we focus on the challenges of
coordinating environmental policy in decentralized systems of environmental
governance. There, medium to long-term dynamic efficiency and ‘win-win’ goals
of national environmental legislation need to be aligned with goals pursued by
more decentralized (regional, local) levels of government—which might be more
of a short-term nature and at odds with the longer-term dynamic national
objectives. This conjecture has been confirmed by recent literature findings
suggesting that decentralized environmental governance may lead to regulatory
bias and efficiency losses (Oates and Schwab 1988, Oates 1999, Oates 2002).
Sjöberg (2012), for example, reports anecdotal evidence of political pressure on
environmental inspectors in Swedish municipalities for the purpose of appearing
more business friendly. By and large, however, the empirical literature in this field
is still scarce. We test this notion empirically for Swedish CAC regulation, where
decentralized elements are indeed present (OECD 2007, Lönnroth 2010, Mazur
2011).341 We expect decentralized regulatory bias—which can be interpreted as
flawed coordination between different regulatory levels—to be detrimental to
inducing green TFP growth at regulated firms.
As for industry-industry coordination, Section 6.2.4 of Part 1 outlined the
somewhat unique Swedish policy style characterized by long-term thinking,
willingness to cooperate, trust, and consensus-building between the regulatory
authorities and polluting firms (Bergquist, Söderholm et al. 2013). Descriptive
evidence suggests that the PPI has benefited from this favorable institutional
setup throughout the years by being able to engage in long-standing regulatorAs robustness check, we moreover compute an environmentally-adjusted TFP index using
bad outputs as inputs. Our benchmark TFP index is a standard Malmquist TFP index. A
comprehensive literature review of non-parametric energy and environmental modeling
approaches is provided by Zhang and Choi (2014).
341 See also Part 1, Section 6.3.
340
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firm and firm-firm collaboration, which targeted the stimulation of processintegrated technological change and the diffusion of new technologies in the
industry, respectively (Bergquist and Söderholm 2010, Bergquist, Söderholm et
al. 2013). Our paper aims to empirically test this notion. We conjecture that
effective regulation-induced industry-industry coordination triggers knowledge
spillovers which, in turn, should be conducive to promoting innovation and
innovation offsets at regulated firms.
Our empirical results lend some support to our conjecture that regulatory
stringency positively affects pulp and paper plants’ environmentally-adjusted
TFP growth and its components (efficiency change and technical change),
respectively. In particular, we find that Swedish regulation has induced
environmentally-adjusted technical change at sulfate plants, which suggests that
the authorities have been be able to stimulate sulfate plants to develop new
pollution control technologies to reduce their comparatively large environmental
footprint. This provides evidence of a recast PH. We moreover find a negative
effect of regulation on plants’ conventional TFP growth, which provides
evidence against the original PH. Also, we find that decentralized Swedish CAC
regulation has a tendency for regulatory bias, entailing a politically motivated
discriminatory treatment of plants with otherwise equal characteristics, which
suggests a coordination failure of Sweden’s decentralized regulatory system. By
contrast, we find inconclusive evidence regarding the PH’s postulation that
(regulation-induced) intra-industry coordination is beneficial for innovation and
innovation offsets.
The paper is organized as follows. Section 2 provides a background on the
Swedish pulp and paper industry’s air emissions and water pollutants, their trends
over time, and the structure of national and local regulatory standards. Section 3
describes our hypotheses and the methodology used in our empirical analysis. In
section 4 we present the data and descriptive statistics. Section 5 presents the
results and concluding comments appear in section 6.

2 Emissions, Environmental Standards and
Decentralized Permitting
Against the backdrop of increasingly stringent environmental regulations and
rapidly changing global markets, the pulp and paper industry (PPI) in Europe
and North America has been undergoing a fundamental transformation since the
1980s.342 From an economic standpoint, the PPI has been one of the more
important industries in Sweden and other Nordic countries. Nearly 31,000
persons were employed in Sweden in the industry in 2011, with its share in overall
342

For an overview over the global market issues, see Ghosal (2003) and Ghosal (2013).
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industry employment remaining steady at 5-6 percent since 1993. Also, the
industry has been a major contributor to Sweden’s trade balance over the last 20
years, accounting for over 12 percent of total Swedish exports in 1993, and for
over 8 percent in 2011 (Statistics Sweden 2013).343
The PPI, however, is a source of considerable environmental pollution. Due
to its production technology – which involves converting wood to pulp,
bleaching, processing the bleached pulp to paper, and application of chemical
coatings to finish the papermaking process – the industry significantly
contributes to air and water pollution. This has resulted in the firms being subject
to ongoing environmental scrutiny. In this section we briefly detail the industry’s
emissions and trends, and the process of environmental standards and permitting
in Sweden.344

2.1 Air and Water Emissions
The PPI is one of the most polluting in manufacturing, generating multiple air
and water pollutants. Air emissions result primarily from plants’ energy-intensive
production processes, which require the combustion of fossil fuels. Even though
there has been a considerable reduction in emissions over several years, the
industry still accounted for 35 percent of Swedish manufacturing industry’s
emissions of sulfur dioxide (SO2) in 2010 (Statistics Sweden 2013) Another
important air pollutant is nitrogen oxide (NOx). Between 1993 and 2010, the
paper industry’s share in Swedish manufacturing industry’s NOx emissions has
grown from 42 percent to over 46 percent (Statistics Sweden 2013)s
Significant amounts of water pollutants are contained in the paper plants’
wastewater effluents. The pollutants include halogenated organic compounds
(AOX), biochemical oxygen demand (BOD5 or 7), chemical oxygen demand
(COD), total nitrogen (N), and total phosphorus (P). While the PPI has been a
major emitter of AOX (European Commission 2001), they have declined
significantly since the 1990s (SEPA 2002). Historically, the Swedish PPI has also
been a major emitter of COD and BOD, accounting, for example, for more than
half of the total discharge of BOD in Sweden in the beginning of the 1990s
(Brännlund, Färe et al. 1995). These environmentally harmful by-products from
pulp and paper production have resulted in an ever increasing regulatory pressure
on the part of the Swedish environmental protection authorities which, in turn,
has induced the PPI to reallocate considerable amounts of resources to pollution
containment (Lönnroth 2010).
Regarding pollution control expenditures and trends in emissions, data from
Statistics Sweden (2013) show that between 2001 and 2011 the PPI, on average,
Statistics Sweden (2013). “Statistical Database.” Retrieved January 22, 2013, from
http://www.scb.se.
344 See Part 1, Section 5.
343
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accounted for 20 percent of the combined total environmental expenditures by
Swedish industry and the energy sector. Amounting to annual average
expenditures of 1.9 billion SEK during that period, those costs were in part
incurred for environmental investments (45 percent on average), which in turn
were used for water pollution abatement (47 percent on average) and air pollution
abatement (38 percent on average). Particularly noteworthy are the industry’s
abatement efforts in the area of water pollution. During 2001-2011, its share in
total water-related environmental investments by Swedish industry and the
energy sector together, on average, was 39 percent - compared with a share of
just 19 percent for air-related environmental investments (Statistics Sweden
2013).

Figure IV-1. Air emissions and environmental expenditures in the
Swedish PPI
Source: Statistics Sweden (2013), and authors’ calculations

The industry’s resource allocations to pollution mitigation are mirrored by
favorable emission trends. Between 1993 and 2010, NOx emissions decreased by
around 25 percent, whereas total SO2 reduction was 68 percent (Statistics
Sweden 2013). Figure IV-1 illustrates air emission and corresponding
environmental expenditure trends in the PPI once more.
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Figure IV-2. Water pollution and environmental expenditures in the
Swedish PPI
Source: Swedish Forest Industries (2013), PRTR, Retriever Business (2013), and authors’
calculations

Water pollution data show that the most pronounced reductions were
accomplished for COD (annual average decrease of 3.8 percent), and AOX
(annual average decrease of 3.5 percent) – with annual average decreases in
Phosphorus and Nitrogen discharges being slightly lower at 2.6 percent and 2
percent, respectively. Figure IV-2 illustrates water emissions and corresponding
environmental expenditure trends in the PPI once more.

2.2 Environmental Permitting Process
Sweden’s polluting industries are subject to general principles stipulated in the
Swedish Environmental Code (Swedish Code of Statutes 1998a). First, they face
common environmental standards in the form of various economic incentive
instruments, such as taxes and charges (Swedish Code of Statutes 1990a, Swedish
Code of Statutes 1990b, Swedish Code of Statutes 1990c). Second, they face
stringent CAC regulation in the form of a plant-specific operating permit issued
by regional environmental courts on a case-by-case basis. The permits contain
emission standards specific to the plant to which it must comply.345 Third, they
are exposed to decentralized local monitoring and enforcement.
The setting of environmental standards, permitting and enforcement,
therefore, follows a complex and creative pattern. Depending on the perceived
Prior to 1999, the Franchise Board for Environmental Protection was the regulatory
authority for the pulp and paper industry (Swedish Code of Statutes 1969b, Swedish Code of
Statutes 1988, Swedish Code of Statutes 1989).
345
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environmental risk they pose, paper manufacturing plant permits are issued either
by the municipal authorities (‘C-plants’ or lowest risk), the county administrative
boards (‘B-plants’ or moderate risk) or by regional environmental courts (‘Aplants’ or highest risk). The larger, and environmentally most relevant, pulp and
paper plants are all classified as ‘A-plants,’ putting them under the supervision of
one, out of five, regional environmental courts (Swedish Code of Statutes 1989,
Swedish Code of Statutes 1998a). When issuing a permit, the environmental
court stipulates plant-specific emission limit values (ELV). The ELVs are
determined based on best available technology (BAT) considerations, which take
into account plant-specific environmental impacts and economic feasibility
(Swedish Code of Statutes 1998a, SEPA 2002, OECD 2007). For example,
regulators can impose more stringent conditions on plants with more severe local
environmental impact (SEPA 2002). A realization of the ‘Polluter Pays Principle,’
this can imply that large plants may be obliged to divert more resources to
pollution abatement—in order to internalize their larger environmental
footprint—than smaller ones. Analogously, plants located close to
environmentally-sensitive areas (e.g. nature reserve, inland water) can be subject
to stricter regulation than, for instance, those located by the sea. Third, the
regulatory authorities aim to strike a balance between environmental concerns
and national economic welfare, aiming not to harm the international
competitiveness of Swedish industry and industry’s importance for local and
regional Swedish economies, respectively (Lönnroth 2010).
From a political economy perspective, the efficiency benefits of a plantspecific permit system have to be weighed against the risk, on the one hand, of
lobbying on the part of the industry and, on the other, of politically motivated
discrimination of certain plants, which would be similar in all other aspects
discussed above. Such an efficiency-distorting scenario is not unrealistic, not least
due to the fact that the operative enforcement takes place at the regionalmunicipal level. Lobbying, for example, may be likely in the case of large plants,
who have a stronger bargaining position vis-à-vis the authorities—and thus could
achieve more favorable conditions (SEPA 2002). Also, plants located close to
each other might engage in collective action with the aim of, again, obtaining
more favorable ELVs than under the status quo. Politically-conditioned unequal
treatment of otherwise identical plants may occur, in particular, when
municipalities are involved in the operative enforcement work. (Sjöberg 2012)
shows that municipal differences in the enforcement of the Swedish
Environmental Code can be explained by Green Party representation in a
municipality’s ruling coalition.346

346

For a more detailed analysis of Swedish CAC regulation, see Part 1, Section 6.2.
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2.3 Taxes and Emissions Trading Schemes
The complementary regulatory constraints affecting the PPI involve economic
incentive instruments: taxes, subsidies, charges and emissions trading schemes.
These instruments have been increasingly used in Swedish environmental policy
since the beginning of the 1990s. In 1991, carbon dioxide and sulfur taxes were
introduced (Swedish Code of Statutes 1990a, Swedish Code of Statutes 1990b).
Intending to curb CO2 and SO2 emissions, the taxes are levied on fossil fuels
consumed, with fuels having the highest carbon and sulfur content taxed the
highest. Making fossil fuel consumption more expensive is supposed to induce
plants to improve energy efficiency and to substitute away from ‘dirty’ fuels to
‘cleaner’ fuels, such as biofuels—whose combustion is less emission-intensive.
Introduction of a charge on NOx emissions from energy production occurred in
1992 (Swedish Code of Statutes 1990c).347
Under these schemes, plants for which emission reduction is more expensive
will pay the tax or acquire emission rights from plants for which curbing
emissions is less expensive. Those plants for which emission reductions are
cheaper will tend to avoid green tax payments. As in the case of the plant-specific
permit regulation, large plants, all else equal, will have to incur lower pollution
abatement costs per unit emissions than smaller plants due to economies of scale.
Therefore, they will tend to proportionately reallocate more inputs to emission
abatement than smaller plants.

3 Hypotheses and Empirical Methodology
3.1 Hypotheses
Based on our discussion in Sections 1 and 2, we formulate four testable
hypotheses:

This action had a large impact on the pulp and paper industry, which is the largest industrial
energy producer and consumer in Sweden (SEPA 2007). The charge tackles electricity and
heat production from boilers with a useful energy production of at least 25 gigawatt hours
(GWh) a year—and is levied regardless of the type of fuel employed. The NOx charge is a
refund-based system, implying that all revenue net of administration cost is returned to the
plants involved, in proportion to the amount of clean energy they produce. Boilers producing
energy output with low NOx emissions are net recipients, whereas boilers with emissionintensive energy production are net payers to the system. In this way, an incentive is created
for participating plants to minimize NOx emissions per unit of energy produced (SEPA 2006).
347
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H1: Stricter environmental regulation will, in line with the PH’s recast version, induce a

positive effect on Swedish pulp and paper plants’ environmentally-adjusted TFP growth and its
components (efficiency change and technical change).

H2: Stricter environmental regulation will, in line with the original PH, induce a positive effect
on Swedish pulp and paper plants’ environmentally-adjusted TFP growth and its components.

H3: Regulation-induced industry-industry coordination is beneficial for innovation and
innovation offsets at Swedish pulp and paper plants.

H4: Decentralized regulation is subject to bias: it triggers a politically motivated discriminatory
treatment of plants with otherwise similar characteristics (e.g. regarding size and production
process).

3.2 Methodology
A major reason why conventional productivity indexes, such as the Törnqvist
and Fisher indexes, exclude bad outputs is that they require prices – which, unless
emission trading schemes or taxes are part of a regulatory regime, do not exist
for bad outputs (Färe, Grosskopf et al. 2001). One recent development to
overcome this restriction has been the development of productivity indexes
which do not need information on prices, and which can include good and bad
outputs simultaneously, using observed data on input and output quantities. The
Malmquist-Luenberger (ML) productivity index has been widely used in this
context (Chung, Färe et al. 1997, Zhang and Choi 2014). Based on nonparametric
data envelopment analysis (DEA) techniques, it allows a decomposition of
productivity growth in change in technical efficiency (catching up to the best
practice-frontier) and technical change (shifting the best practice-frontier) for
each observed decision-making unit (DMU).
Our paper applies a recently developed methodological improvement to the
ML productivity index: the sequential Malmquist-Luenberger (SML) productivity
index (Oh and Heshmati 2010).348 The SML index’s major benefit is its ability to
capture the progressive nature of technology, avoiding technical regress in the
best-practice frontier—an unrealistic, and hence unfavorable, side-effect when
measuring environmentally-adjusted productivity growth using the conventional
ML index.
The assumptions of the approach are as follows. DMUs produce M desirable
outputs,

y  RM

xR

. The production possibilty set (PPS) is expressed as

N


, and J undesirable outputs,

b  RJ , jointly from N

P(x)  (y, b) | x can produce (y, b)
348

The sequential model dates back to (Diewert 1980).
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Following Färe, Grosskopf et al. (2012), we formulate three variants of the
Luenberger total factor productivity indicator, and compare those with a
traditional Malmquist indicator excluding bad outputs. In all approaches, we
assume that inputs are strongly disposable, so that

x  x then P(x)  P(x)
We also assume strong disposability of desirable outputs, denoted as follows

(y, b)  P(x) and y  y, then (y, b)  P(x)
which means that some of the desirable output can be disposed of without cost
in the PPS. Furthermore, we assume null-jointness which implies

(y, b)  P(x) and b  0, then y  0
meaning that the desirable output is not produced when the undesirable output
is not. Following Färe, Grosskopf et al. (2012), we implement various models
that differ in their assumptions regarding the undesirable output. In models (1)
and (2) weak disposability is imposed of the form

(y, b)  P(x) and 0    1, then ( y, b)  P(x)
which means that a proportional contraction of both desirable and undesirable
outputs is feasible in PPS. This assumption is relaxed in model (3) where we allow
also for strong disposability of bad outputs. Thus, we have in model (3)
(y, b)  P(x) and b  b, then (y, b)  P(x)

In model (4), bad outputs are not included in the production possibility set P(x)
The original Malmquist index uses Shephard output distance functions to
represent technology, defined as
Do (x, y, b)  inf{ :  (y, b) /    P(x)}

As suggested by Chung, Färe et al. (1997) and Oh and Heshmati (2010), for
computational implementation we introduce the notation of directional output
distance functions (DDF) instead of the Shephard output distance function to
represent technology. For model (1), the corresponding DDF to the PPS defined
above is denoted
Do (x, y, b; g y , gb )  max{ :  y   g y , b   gb   P(x)}

where g  (g y , gb ) is a direction vector, in this case g  (1, 1) , meaning that
desirable outputs are maximized while simultaneously minimizing undesirable
outputs. Figure IV-3 illustrates these assumptions.
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Figure IV-3. Directional distance function and the ML index

The PPS is represented by the inner area of the solid line. The direction vector
and the DDF are depicted for a DMU F. The direction of the DDF of the DMU
F is constructed as an arrow, β, from the origin in northwest direction. For
models (2), (3) and (4), however, we define g  (1,0) , meaning that only the
distance to the frontier in terms of good outputs is taken into account.
(Färe, Grosskopf et al. 2012) define the productivity index based on
Shephard’s output distance function. Its nice feature is that it is a total factor
productivity index. Following this line, the ML productivity change MLt ,t 1 is
defined as
MLt ,t 1 

1
 Dot 1 (xt , y t , bt ; g )  Dot 1 (xt 1 , y t 1 , b t 1 ; g )
2
 Dot (xt , y t , bt ; g )  Dot (xt 1 , y t 1 , b t 1; g ) 

The notation Dot 1 indicates that the reference technology is constructed from
period (t  1) data, and inputs and outputs ( x , y , b ),   t , t  1 are then
compared to that technology in (t  1) . The reference technology constructed
from period t is denoted as Dot . If there is no productivity change between
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t ,t 1

periods t and (t  1) then ML  0 . Productivity regress or growth on the
other hand is indicated by 𝑀𝐿𝑡,𝑡+1 > 0 𝑜𝑟 𝑀𝐿𝑡,𝑡+1 < 0, respectively.
Furthermore, one can decompose ML productivity change into efficiency
change,
EC t ,t 1  Dot 1 (xt 1 , y t 1 , bt 1; g)  Dot (xt , y t , bt ; g)
and technical change,
TC t ,t 1 

t 1
t 1
t 1
t 1
t
t 1
t 1
t 1
1  Do (x , y , b ; g )  Do (x , y , b ; g ) 

.
2   Dot 1 (xt , y t , bt ; g)  Dot (xt , y t , bt ; g)


It holds that

MLt ,t 1  EC t ,t 1  TC t ,t 1 .
If EC t ,t 1  1 then there has been a movement of a DMU towards the best
practice frontier between t+1 and t. If TC t ,t 1  1 then there has been a shift of
the best practice frontier towards higher productivity between t+1 and t.
In order to express the progressiveness of technology, and to reduce
infeasible
solutions,
we
define
a
sequential
PPS
as:
(Oh and
Pqt (xt )  P11 (x1 )  P22 (x2 )   Pt t (xt ), where 1  t  T
Heshmati 2010).
This establishes a benchmark technology for the frontier using the observations
from time point 1 to t. Again, using directional distance functions we can now
define the sequential ML (SML) productivity index similar to above as
MLt ,t 1 

1
 Dqt 1 (xt , y t , bt ; g )  Dqt 1 (xt 1 , y t 1 , b t 1 ; g )
2
 Dqt (xt , y t , bt ; g )  Dqt (xt 1 , y t 1 , b t 1 ; g ) 

where Dqs are sequential directional distance functions based on Pqt (xt ) .
t

Finally, in order to calculate Dq for each of the four models, we define the
following LP problems. In model (1), the LP problem to solve is
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Dqt  xt , y t , b t ; g y ,b  1, 1  max
t

s.t. Y z  (1   ) y tk
 1

t

B z



 (1   )b tk

1
t

X z



 xtk

1

z  0.

For computing the four required directional distance functions, the linear
programming problem described above is solved four times. In addition to
Dqt (xt , y t , bt ; g) , the linear programming problem is modified so that

Dqt 1 (xt 1 , y t 1 , bt 1; g) ,

Dqt (xt , y t , bt ; g) ,

Dqt 1 (xt , y t , bt ; g)

Dqt (xt 1 , y t 1 , bt 1; g) are determined in a similar fashion.
For model (2), we solve
Dqt  xt , y t , b t ; g y ,b  1, 0  max
t

s.t. Y z  (1   ) y tk
 1

t

B z



 b tk

1
t

X z



 xtk

1

z  0.

For model (3), we formulate
Dqt  xt , y t , b t ; g y ,b  1, 0  max
t

s.t. Y z  (1   ) y tk
 1

t

B z



 b tk

1
t

X z



 xtk

1

z  0.
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Finally, model (4) is stated as
Dqt  xt , y t ; g y ,b  1, 0  max
t

s.t. Y z  (1   )y tk
 1

t

X z  x



t
k

1

z  0.

In a second step, we regress the TFP growth measures derived from models (1)
to (4) on regulatory proxy variables to test the effect of ‘well-designed’
environmental regulation on environmentally-adjusted and standard Malmquist
TFP growth at Swedish pulp and paper plants. Referred to as a two-stage model,
this approach has certain advantages over other techniques in incorporating
‘uncontrollables’ into DEA.349 These include the possibility of considering both
continuous and categorical uncontrollable variables without risking a rise in the
number of efficient DMUs. Moreover, no previous expectation as to how
(positive or negative) an uncontrollable affects efficiency is needed. Drawbacks
of the two-stage approach include the risk that the variables employed for the
first-stage efficiency measure are highly correlated with those of the second-stage
regression. If that is the case, estimating the effect of an uncontrollable variable
on efficiency may produce a bias (Battese and Coelli 1995, Coelli, Rao et al. 2005,
Simar and Wilson 2007).350

4 Data and Descriptive Statistics
4.1 Data Sources
In our empirical analysis, we employ data from different sources. The SML
indexes are constructed using annual input-output data on the population of the
larger pulp and paper plants in Sweden between 1996 and 2013. Data on these
‘A-plants’ (see Section 2) are published by The Swedish Forest Industries
Federation and the Swedish EPA (SEPA), with the period 1996-2000 covered by

The DEA literature refers to regulatory proxies as ‘uncontrollables,’ because they lie
outside the influence of a DMU’s management but a DMU’s performance. For further
approaches to include uncontrollable variables in a DEA framework, see Yang and Pollitt
(2009).
350 See also Part 1, Section 3.2.4.
349
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SEPA (SEPA 1997-2001), and with the period 2001-2013 retrieved from an
online database maintained by Swedish Forest Industries.351
The data include plants’ good outputs (pulp and paper quantities), the major
bad output quantities regarding air and water pollution, as well as inputs such as
water and energy. Yet these sources lack data on plants’ number of employees,
and production capacity – information relevant to our analysis, which we partly
found in the Nordic Paper and Pulp Makers’ Directory (Nordisk
Papperskalender 1996-2010).352
Due to missing values regarding employees and capacity in these publications,
however, we also had to directly retrieve firms’ annual reports, both through their
respective website and through Retriever Business, a Swedish online business
database.353 Moreover, for the period 2007-2013 we were able to make use of yet
another online database – the Swedish Pollutant Release and Transfer Register
(PRTR).354 PRTR lists emissions from the 1,000 largest companies in Sweden
that are involved in activities considered ‘environmentally hazardous’ by the
Environmental Code. It therefore also includes our pulp and paper A-plants that
matter for our study. PRTR has helped us verify, during 2007-2013, that the
Swedish Forest Industries emission data are consistent (and vice versa).355 The
firms’ environmental or sustainability reports were themselves yet another
valuable source for us to verify the environmental data’s consistency. Finally, for
the second-stage regression analysis, we merged our plant-level dataset with
regional variables generated based on data from Statistics Sweden and PRTR,
with the aim of constructing proxies designed to capture the varying regulatory
stringency standards faced by Swedish pulp and paper plants (see Section 4.2 for
more detailed information).

4.2 Variables and Predicted Effects
Table IV-1 lists the variables used for deriving the productivity growth measures.
Both for our M and SML productivity measures, we use plants’ pulp production
quantities for desirable output, denoted y. As bad outputs in the area of air
pollution, we selected a plant’s sulfur (ap1) and NOx emissions (ap2). We

Swedish Forest Industries (2014). “Environmental Database.” Retrieved December 4, 2014,
from http://miljodatabas.skogsindustrierna.org.
352 Remaining missing values have been imputed using the STATA mi routine based on
regression analysis and expected maximum likelihood algorithms.
353 Retriever Business (2014). “Online Database on Swedish Businesses.” Retrieved January
21, 2014, from http://www.retriever-info.com.
354 SEPA (2014). “Swedish Pollutant Release and Transfer Register (PRTR).” Retrieved January
5, 2014, from http://utslappisiffror.naturvardsverket.se.
355 It must be noted that both online databases in principle use the same data source: the
environmental reports that all companies submit to their supervisory authority.
351
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abstained from including CO2 emissions due to lack of data.356 The water
pollutants we include are Phosphorus effluents (wp1), nitrogen effluents (wp2), and
COD effluents (wp3). These emerged as our most implementable choices given
data availability and environmental impact (see Section 2). We do not expand the
list of pollutants to a larger array in order to reduce the number of infeasible
solutions in the linear programming problem (Yörük and Zaim 2005).
In terms of plant-level inputs, we chose process water (x1), net electricity use
(x2), number of employees (x3), and total installed capacity for pulp and paper
production (x4). Following Färe, Grosskopf et al. (2012), we normalize all
variables by dividing by the respective variable mean, and average the four inputs
into an aggregate input index, x, and all undesirable outputs into an aggregate
indicator, denoted b. Table IV-2 provides summary statistics for the plantspecific inputs and outputs used in constructing the SML indexes.
Table IV-1. Variables used for constructing the productivity indices
Symbol
Desirable Outputs
y
Undesirable Outputs
ap1
ap2
wp1
wp2
wp3
Inputs
x1
x2
x3
x4

Variable description

Units

Total production of pulp

tons

Sulfur emissions (air)
NOx emissions (air)
Phosphorus effluents (water)
Nitrogen effluents (water)
COD effluents (water)

tons
tons
tons
tons
tons

Process water
Net electricity use
Number of employees
Total production capacity of pulp and paper

m3
GWh
persons
tons

Note: The data were obtained from Swedish Forest Industries (2014), the Swedish EPA (SEPA 1997-2001),
the Nordic Paper and Pulp Makers’ Directory (Nordisk Papperskalender 1996-2010), and Retriever
Business (2014).

As mentioned in Section 4.1, the variables used in the second-stage regression,
where we incorporate the effect on our SML measure of Swedish CAC
regulation, are obtained from Statistics Sweden and PRTR. Many of the
regressors are re-used from the empirical analysis in Part 2 of this thesis. Two
new covariates are included for the empirical tests in the present paper: First,
LMAmill counts the number of plants i located in year t within a Swedish
functional labor market area f. Labor market areas (LMAs) are time-varying
integrated housing and working areas within which commuting is common. They
are adaptions to existing administrative demarcations (municipalities and
Those data are not included in the SEPA emission publications noted in Section 4.1, and
only a few firms have published environmental reports with CO2 emission data on that period.
Computing CO2 emissions via emission factors is also difficult because there is no detailed
information available on plants’ fuel consumption – a requirement for producing reliable
emission values.
356
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counties), which are less suitable to delimit such an area. Information on the
Swedish LMAs was obtained from Statistics Sweden’s register over local labor
markets (Statistics Sweden 2014). LMAmill is set up to empirically verify Porter’s
argument that environmental regulation should be coordinated (industryindustry, regulator-industry, regulator-regulator) to increase the odds that a
‘double dividend’ in the form of simultaneous environmental and economic
benefits will occur. In this paper, our empirical interest is in (i) regulator-regulator
coordination; and (ii) industry-industry coordination. We assume that industryindustry coordination is triggered by a regulatory stimulus—hence implying
regulator-industry coordination as well. 357 LMAmill captures is supposed to
capture two major counterbalancing effects:
Table IV-2. Descriptive statistics for the variables used in the green TFP
index calculations
Variable
y
ap1
ap2
wp1
wp2
wp3
x1
x2
x3
x4

Obs
759
741
753
759
759
759
759
759
759
759

Mean
304379.6
97.45309
328.3421
7.3243
65.91534
4830.421
12700000
492.4137
498.8735
336749

Std. Dev.
229634
107.5859
303.4429
8.198259
62.07262
4668.39
12700000
523.9281
336.5859
251433

Min
1423
0.088393
0.1
0.02
0.12
28
120000
4.2
26
5000

Max
822000
658.1
1441
40
344
27200
64100000
2492.7
1921
920000

For one, in line with collective action theory (Marwell, Oliver et al. 1988), we
expect that the higher the number of plants within an LMA, the more effective
will plant owners be in lobbying locally/regionally for more favorable permit and
operative enforcement conditions.358 This effect is related to the challenges of
coordinating environmental policy in decentralized systems of environmental
governance. There, medium to long-term dynamic efficiency and ‘win-win’ goals
of national environmental legislation need to be aligned with goals pursued by
more decentralized (regional, local) levels of government—which might be more
of a short-term nature and at odds with the longer-term dynamic national
objectives. Lobbying can be considered a symptom of shorter-term regional or
local economic goals. In this way, an increase in LMAmill would imply a decrease
in regulatory stringency regarding CAC inspection and enforcement due to
lobbying at the local/regional level. In our environmentally-adjusted TFP
measure, this would be reflected by lower TFP growth relative to those plants
with less fellow mills in their LMA. At the same time, though, one could argue
For more details on the Porter Hypothesis, cf. Part 1, Section 3.1.
If local lobbying occurs at the municipality level, then the LMAmill variable does not
adequately capture mills’ collective lobbying activities given that it is defined at the LMA-level.
If lobbying occurs at the county level, is a more suitable proxy for lobbyism because LMAs are
usually embedded in counties.
357
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that lobbying plants, should they manage to be regulated more leniently, all else
equal, also should have less output restrictions vis-à-vis plants with lower
lobbying abilities—which they in turn would be credited for in the form of higher
relative green TFP growth. The net effect is thus not clear.
By contrast, in line with regional science theory (Duranton and Puga 2003),
we expect that the higher the number of plants within an LMA, the more
regulation will indirectly be able to induce cross-plant collaboration on how to
improve environmental parameters in their production processes in a costefficient way. This would be an empirical test of Porter’s claim of the importance
if industry-industry coordination for increasing the odds for a ‘double dividend.’
We conjecture that increased cross-plant collaboration will be reflected by higher
environmentally-adjusted TFP growth relative to those benefitting less from such
productive ‘face-to-face’ interactions. As a result of those two opposing effects—
collective action versus cross-plant collaboration—the net impact on plants’
environmentally-adjusted TFP growth is uncertain.359
MUemp is our second newly included variable. It denotes plant i’s share, in
year t, in municipality m’s total employment.360 Indicating a plant’s relevance for
the local economy, this variable is meant to again capture the potential for
lobbying, thus signaling regulatory bias and efficiency losses in Swedish
decentralized environmental policy. If a plant has a significant economic
importance for the municipality in which it is located, both local politicians and
plant owners may, all else equal, have an interest in more lenient, and thus less
costly, regulatory standards compared to a municipality where a plant would
matter less in economic terms: Politicians in order to save jobs and become reelected, and plant owners because they are aware of the municipality being
dependent on the plant as a local employer. Such patterns of patronage and
clientelism may ultimately result in less strict local supervision and enforcement
of stringent national environmental regulations. We conjecture, therefore, that
an increase in MUemp, all else equal, will have an adverse impact on green TFP
growth relative to plants whose importance for local employment is less
substantial. At the same time, though, one could argue that plants that matter for
local employment, and hence are regulated less strictly, all else equal, also should
have less output restrictions vis-à-vis plants that matter less for local
employment—which they in turn would be credited for in the form of higher
relative green TFP growth. The net effect is thus not clear.361
The remaining covariates were used and explained in Part 2 of this thesis
already. Pta measures, for year t, the ratio between the protected and the total
Provided that we obtain significant results, we will derive the net effect by benchmarking
our green TFP measure against one obtained by regressing a standard Malmquist index without
bad outputs on our regulation proxies.
360 Data on municipal employment were taken from Statistics Sweden (2014).
361 Provided that we obtain significant results, we will derive the net effect by benchmarking
our green TFP measure against one obtained by regressing a standard Malmquist index without
bad outputs on our regulation proxies.
359
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land area in municipality m in which pulp and paper plant i is located (Statistics
Sweden 2013). Information on a plant’s home municipality was obtained from
PRTR.362 We expect Pta to reflect two opposing effects on a plant’s
environmentally-adjusted TFP growth of Swedish case-by-case regulation. On
the one hand, there should be a positive effect because environmental courts, in
accordance with the Environmental Code’s general rules of consideration, will
find it reasonable to impose stricter ELVs on plants located close to such areas,
which then will be credited by our environmentally-adjusted TFP measure. On
the other hand, this type of regulation might entail lower maximum production
limits compared to plants outside environmentally-sensitive areas—which would
imply an adverse effect on environmentally-adjusted TFP growth. Provided that
we obtain significant results, we will derive the net effect by benchmarking our
SML measure against one obtained by regressing a standard Malmquist index
(Färe, Grosskopf et al. 1994) without bad outputs on our regulation proxies.
Green measures the Green Party’s share in the Municipal Council Election in
plant i’s municipality m in year t.363 This variable tests Sjöberg’s finding that
municipal differences in the enforcement of the Environmental Code can be
explained by Green Party representation in a municipality’s ruling coalition
(Sjöberg 2012). Through this variable, we aim to test the PH’s suggestion that
effective regulator-regulator coordination is needed to stimulate innovation and
innovation offsets at regulated firms. In other words, lack of such coordination
implies losses of (dynamic) efficiency, reducing the odds for a ‘double dividend’
of environmental and economic benefits. Green is meant to proxy efficiency
losses through regulatory bias due to decentralized elements in Swedish CAC
regulation. As argued above, decentralized environmental governance may
enhance the risk for coordination failures between decentralized branches of
governance and its centralized national counterpart, thereby entailing a
discriminatory treatment of plants with otherwise equal characteristics (e.g. size).
In line with the PH’s postulation, such a coordination failure should hence be
detrimental to environmental performance, dynamic efficiency, and innovation
offsets at affected firms. Conjecturing that a decrease (increase) in Green is
equivalent to an increased (a reduced) degree of coordination failure between
stringent national and less stringent regional elements of Swedish environmental
policy, we on the one hand hypothesize that environmentally-adjusted TFP
growth of plants located in municipalities with higher Green is higher compared
with that of plants located in municipalities where Green is lower. On the other
hand, though, there might be a possibility that plants located in municipalities
with higher Green, all else equal, also should have more output restrictions vis-àThe protected land area adds up a municipality’s areas declared as national park, nature
reserve, nature management areas, wildlife sanctuaries, and habitat protection areas. Decisions
regarding the establishment of national parks are made by the Swedish government and the
Swedish Parliament. The other types of protected area are all established either by the
Country Administrative Boards or the Municipalities.
363 The data are were obtained from Statistics Sweden (2014).
362
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vis plants located in municipalities with lower Green—which they in turn would
be credited for in the form of higher relative green TFP growth. The net effect
is thus not clear.364
COAST and TOWN are also expected to proxy variation in regulatory
stringency due to differing sensitivity of the local environment.365 COAST is a
dummy variable taking the value one if plant i is located by the coast, and zero
otherwise. It reflects our conjecture that coast location tends to constitute a less
environmentally sensitive area than inland location, for example, because
effluents can be released in the sea, instead of into more sensitive inland waters.
(SEPA 2002). TOWN is yet another dummy, taking the value one if plant i is
located within an agglomeration, and zero otherwise.366 In line with our
discussion of the Pta-variable, we argue that the regulatory authorities might view
agglomerations as areas with a relatively low environmental sensitivity relative to
areas with a higher density of vegetation and ecosystems. As a result, they should
regulate plants located in agglomerations more leniently.367
If our expectations regarding COAST and TOWN are true, regulators will
impose more lenient standards on plants located nearby the coast and within
agglomerations compared with those that are not. All else equal, this should, on
the one hand, entail lower environmentally-adjusted TFP growth for the
‘coastline’ and ‘agglomeration’ plants relative to that of the reference plants for
which neither category applies. On the other, though, one could argue that
coastline and agglomeration plants, all else equal, also should have less output
restrictions vis-à-vis their non-coastal and non-agglomeration counterparts—
which they in turn would be credited for in the form of higher relative green TFP
growth. In the case of ‘agglomeration’ plants, a third counterbalancing effect
might apply. Those plants may have face output restrictions due to limited space
or tighter regulations regarding noise containment, which have a negative impact
on their green TFP measure relative to plants outside agglomerations.368 Hence,
the net effect of COAST and TOWN on plants’ environmentally-adjusted TFP
growth is unclear.369
Provided that we obtain significant results, we will derive the net effect by benchmarking
our green TFP measure against one obtained by regressing a standard Malmquist index without
bad outputs on our regulation proxies (see our reasoning regarding the Pta-variable above).
365 Both variables were constructed by means of cartographic data found in PRTR.
366An agglomeration is defined as a place with more than 200 inhabitants where the distance
between houses does not exceed 200 m (Statistics Sweden 2010).
367 This conjecture is supported by two ordinances on Environmental Quality Standards. They
stipulate distinct SO2 and NOx ELVs to protect human health within agglomerations, and
vegetation outside agglomerations. Comparing the ELVs reveals that ELVs with regard to
nature conservation tend to be lower than those concerning human health protection
(Swedish Code of Statutes 1998c, Swedish Code of Statutes 2001).
368 A study visit, in 2012, at Munksjö AB, a paper manufacturer in Jönköping, showed that these
conjectures may indeed hold for plants within (tightly) agglomerated areas.
369 Provided that we obtain significant results, we will derive the net effect by benchmarking
our green TFP measure against one obtained by regressing a standard Malmquist index without
bad outputs on our regulation proxies (see our reasoning regarding the Pta-variable above).
364
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Our last covariate in the second-stage regression is SULF; a dummy taking
the value one if a plant produces pulp using the sulfate pulping process, and zero
otherwise. As argued in Section 5 of Part 1, chemical pulping, which in turn is
largely determined by sulfate pulping, is by far the most widely used pulping
process in Sweden. It is moreover the most energy-intensive process among the
various pulping techniques: In Sweden, chemical pulp mills’ share in the PPI’s
total energy use, on average, was slightly under 80 percent during 1996 and
2013.370 Hence, the PPI’s emission and energy trends are closely associated with
developments in the sulfate pulp sector—and energy savings and emission
reductions in that sub-industry should have a significant impact on the industry’s
overall energy efficiency and emission footprint. In addition, sulfate plants are
often relatively large, which was confirmed by high correlations of pulp output
and the SULF dummy in our dataset.
Table IV-3. Determinants of green TFP growth: variable description
Variable

Definition

Pta

Ratio (%) between protected and total land area in P&P plant’s
municipality in year t
Number of P&P plants located, in year t, within a Swedish functional
labor market area f
P&P plant i’s share (%), in year t, in municipality m’s total employment
Green Party’s share (%) in the Municipal Council Election in P&P plant
i’s municipality m in year t
Dummy with value 1 if plant i is located by the coast; 0 otherwise
Dummy with value 1 if plant i is located within an agglomeration; 0
otherwise
Dummy with value 1 if plant i produces sulfate pulp; 0 otherwise

LMAmill
MUemp
Green
COAST
TOWN
SULF

Exp.
sign
+/+/+
+/+/+/-

The covariates employed in the second stage regression are again reported in
Table IV-3. Descriptive statistics and predicted effects are provided in Table
IV-4. Table IV-5 gives pairwise correlations of the variables in the second stage
regressions. LL1 to LL4 are the TFP growth measures computed by models (1)
to (4) in Section 3.2. Models (1) and (2) (i.e. LL1 and LL2) compute plants’
environmentally-adjusted TFP growth using the DDF-approach, which is based
on the assumption of weak disposability of good and bad outputs (i.e. a
proportional contraction of good and bad outputs is feasible in the PPS). Model
(3) (i.e. LL3) relaxes the weak disposability assumption, instead allowing for
strong disposability of bad outputs. We account for this by including bad outputs
as inputs in the PPS. Finally, model (4) (i.e. LL4) excludes bad outputs from the
PPS. This is the baseline case of standard Malmquist TFP growth.

A similar reasoning, albeit not explicitly discussed in this thesis, goes for the link between
chemical pulping and water use or rather water effluents. In our dataset, we detected relatively
high correlations between plants producing Kraft pulp and process water use/water effluents.
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Table IV-4. Descriptive Statistics for determinants of green TFP growth
Variable
Pta
LMAmill
MUemp
Green
COAST
TOWN
SULF

OBS
615
615
615
615
615
615
615

mean
2.14
2.29
5.62
4.38
0.46
0.78
0.53

sd
2.15
1.14
6.72
3.79
0.49
0.41
0.49

min
0.02
1
0.02
0.6
0
0
0

max
13.09
5
33.55
43.7
1
1
1

Table IV-5. Pairwise correlations of the variables in the second-stage
regressions
LL1
LL2
LL3
LL4
Green
MUemp
LAmill
SULF
COAST
TOWN
Pta

LL1
1
0.85
0.84
0.68
0.00
0.11
-0.03
0.15
0.09
-0.06
0.00

LL2

LL3

LL4

Green

MUemp

LAmill

SULF

COAST

TOWN

Pta

1
0.98
0.83
-0.03
0.10
-0.01
0.12
0.07
-0.07
-0.02

1
0.84
-0.03
0.09
0.00
0.13
0.06
-0.07
0.01

1
-0.02
0.05
-0.02
0.12
0.09
-0.06
-0.00

1
-0.10
-0.11
0.09
0.22
0.02
0.03

1
0.10
0.17
-0.10
-0.08
-0.12

1
0.02
-0.28
-0.14
0.16

1
0.45
-0.17
0.07

1
-0.08
-0.17

1
-0.07

1

Against this backdrop, we on the one hand expect sulfate plants to display larger
environmentally-adjusted TFP growth than their non-sulfate counterparts: For
one, the regulator will tend to enforce the Polluter Pays Principle, forcing sulfate
plants to internalize their larger environmental footprint. Second, since economic
feasibility matters to the Swedish BAT principle, the fact that it will be less
expensive for larger plants to reduce emissions per ton output may imply that
they will face more stringent regulatory conditions. Due to their ability to reduce
emissions more cost-efficiently than smaller plants, the larger plants may also
have a higher incentive to avoid paying the green taxes discussed in Section 6.1
of Part 1—which would be captured by our SULF-variable as well.
There are at least two possible factors that might cause a reduction in plants’
environmentally-adjusted TFP: The first one is the risk for lobbying for more
lenient regulation due to larger plants’ stronger bargaining position vis-a-vis the
authorities. The second factor is that the authorities may stipulate higher
production limits for sulfate plants relative to non-sulfate plants due to their
larger environmental impact. Both factors would limit green TFP growth via
more sluggish growth in the good output. Hence, the net effect of SULF on
plants’ environmentally-adjusted TFP growth is uncertain. 371

Provided that we obtain significant results, we will derive the net effect by benchmarking
our green TFP measure against one obtained by regressing a standard Malmquist index without
bad outputs on our regulation proxies (see our reasoning regarding the Pta-variable above).
371
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5 Results
5.1 Environmentally-adjusted and Standard
Malmquist TFP growth
This section presents the total as well as annual percentage growth rates of
our four TFP growth measures (LL1 to LL4) during the sample period 19992013. It also presents the growth rates of the respective measures’
decompositions: change in technical efficiency (EC1 to EC4) and technical
change (TC1 to TC4). LL1 to LL4 are the TFP growth measures computed by
models (1) to (4) in Section 3.2. Models (1) and (2) (i.e. LL1 and LL2) compute
plants’ environmentally-adjusted TFP growth using the DDF-approach, which is
based on the assumption of weak disposability of good and bad outputs (i.e. a
proportional contraction of good and bad outputs is feasible in the PPS). At the
same time, model (1) differs from model (2) in that it maximizes desirable outputs
while minimizing undesirable outputs, whereas model (2) only takes into account
distances to the best-practice frontier in terms of good outputs. Models (3) and
(4) are based on the same principle.

Figure IV-4. Aggregate indices of outputs and inputs of Swedish pulp and
paper plants
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Table IV-6. Environmentally-adjusted and standard Malmquist TFP
growth at Swedish pulp and paper plants
Year
1999

2000

2001

2002

2003

2004

2005

2006

2007

2008

2009

2010

2011

2012

2013

TOTAL

Indicator
Mean
Std.dev
p50
OBS
Mean
Std.dev
p50
OBS
Mean
Std.dev
p50
OBS
Mean
Std.dev
p50
OBS
Mean
Std.dev
p50
OBS
Mean
Std.dev
p50
OBS
Mean
Std.dev
p50
OBS
Mean
Std.dev
p50
OBS
Mean
Std.dev
p50
OBS
Mean
Std.dev
p50
OBS
Mean
Std.dev
p50
OBS
Mean
Std.dev
p50
OBS
Mean
Std.dev
p50
OBS
Mean
Std.dev
p50
OBS
Mean
Std.dev
p50
OBS
Mean
Std.dev
p50
OBS

LL1
3.33
1.10
1.50
47
6.99
2.25
1.57
46
1.00
1.24
1.14
45
0.71
0.74
0.14
45
0.84
1.33
0.84
44
4.97
1.22
4.06
44
-0.58
0.85
0.22
43
0.72
0.89
0.51
41
2.95
0.86
0.85
41
-1.30
0.96
-0.48
40
0.40
1.01
0.51
37
2.92
1.28
0.99
37
0.61
1.04
0.17
37
0.92
0.87
0.37
35
2.47
1.34
1.64
33
1.86
0.32
0.71
615

LL2
3.57
1.70
0.95
47
9.36
2.99
3.84
46
0.08
2.04
0.10
45
0.98
0.99
0.59
45
1.76
1.33
1.25
44
6.45
2.08
2.86
44
-1.59
1.33
0.10
43
1.24
1.00
1.01
41
2.66
0.90
1.20
41
-1.30
1.33
-0.28
40
0.52
1.65
-0.42
37
3.23
1.59
1.98
37
-0.93
1.00
-0.12
37
2.70
1.13
2.05
35
-0.51
2.20
0.96
33
2.00
0.45
0.86
615

LL3
3.52
1.52
0.95
47
9.23
2.82
3.25
46
0.29
1.93
0.10
45
1.18
0.95
0.59
45
1.80
1.23
1.42
44
6.36
2.03
2.86
44
-1.62
1.29
-0.21
43
1.32
0.98
1.12
41
2.75
0.91
1.20
41
-0.98
1.30
-0.28
40
0.50
1.65
-0.39
37
3.24
1.59
2.27
37
-0.94
1.01
-0.12
37
2.81
1.12
2.06
35
-0.39
2.21
1.01
33
2.05
0.43
0.90
615

LL4
2.12
1.29
0.93
47
7.19
2.69
2.15
46
0.77
2.08
1.03
45
1.28
0.79
0.73
45
3.00
1.17
1.98
44
4.96
2.01
1.27
44
-2.38
1.41
-0.51
43
1.01
0.87
1.52
41
0.71
0.75
0.80
41
-0.21
1.36
-0.19
40
1.08
1.85
0.15
37
2.55
2.06
2.27
37
-0.72
0.98
-0.47
37
2.84
1.14
1.57
35
-0.54
2.21
0.95
33
1.66
0.43
0.89
615

Note: LL1 to LL4 are the TFP growth measures computed by models (1) to (4) in Section 3.2. Models (1) and (2) (i.e. LL1 and LL2)
compute plants’ environmentally-adjusted TFP growth using the DDF-approach, which is based on the assumption of weak
disposability of good and bad outputs (i.e. a proportional contraction of good and bad outputs is feasible in the PPS). Model (3) (i.e.
LL3) relaxes the weak disposability assumption, instead allowing for strong disposability of bad outputs. We account for this by
including bad outputs as inputs in the PPS. Finally, model (4) (i.e. LL4) excludes bad outputs from the PPS. This is the baseline case of
standard Malmquist TFP growth. Growth in percentage terms.
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Table IV-7. Environmentally-adjusted and standard Malmquist change in
technical efficiency at Swedish pulp and paper plants
Year
1999

2000

2001

2002

2003

2004

2005

2006

2007

2008

2009

2010

2011

2012

2013

TOTAL

Indicator
Mean
Std.dev
p50
OBS
Mean
Std.dev
p50
OBS
Mean
Std.dev
p50
OBS
Mean
Std.dev
p50
OBS
Mean
Std.dev
p50
OBS
Mean
Std.dev
p50
OBS
Mean
Std.dev
p50
OBS
Mean
Std.dev
p50
OBS
Mean
Std.dev
p50
OBS
Mean
Std.dev
p50
OBS
Mean
Std.dev
p50
OBS
Mean
Std.dev
p50
OBS
Mean
Std.dev
p50
OBS
Mean
Std.dev
p50
OBS
Mean
Std.dev
p50
OBS
Mean
Std.dev
p50
OBS

EC1
0.20
1.17
0.16
47
6.02
2.28
1.13
46
0.73
1.25
0.00
45
-0.29
0.78
-0.07
45
0.16
1.33
0.14
44
2.34
1.12
0.70
44
-1.59
0.93
-0.03
43
0.36
0.93
-0.17
41
2.93
0.86
0.85
41
-7.40
1.62
-4.05
40
-4.61
1.44
-2.68
37
2.78
1.27
0.99
37
0.43
1.04
0.03
37
0.80
0.86
0.37
35
2.34
1.34
1.64
33
0.39
0.35
0.04
615

EC2
-2.02
1.77
-2.04
47
8.07
3.03
1.59
46
-0.59
2.01
-0.28
45
-0.63
1.03
0.00
45
0.78
1.33
0.43
44
1.86
1.95
0.00
44
-2.54
1.34
0.00
43
0.56
1.03
0.00
41
2.58
0.89
1.20
41
-11.63
1.91
-8.30
40
-7.33
2.32
-4.14
37
2.77
1.55
1.62
37
-1.24
0.99
-0.51
37
2.01
1.08
1.08
35
-0.97
2.18
0.33
33
-0.46
0.48
0.00
615

EC3
1.06
1.62
0.64
47
7.94
2.86
2.12
46
-0.37
1.90
-0.29
45
-0.43
1.01
0.24
45
0.84
1.23
0.48
44
2.07
1.90
0.00
44
-2.33
1.29
-0.56
43
0.18
1.04
-0.49
41
2.67
0.90
1.20
41
-11.12
1.94
-8.30
40
-7.54
2.31
-4.14
37
2.85
1.55
2.02
37
-1.26
1.00
-0.57
37
1.78
1.07
0.61
35
-1.02
2.18
0.52
33
-0.18
0.47
0.00
615

EC4
2.12
1.29
0.93
47
7.19
2.69
2.15
46
0.77
2.08
1.03
45
1.28
0.79
0.73
45
2.64
1.17
1.57
44
1.50
1.89
0.02
44
-3.41
1.46
-1.05
43
-2.81
1.02
-2.09
41
0.71
0.75
0.80
41
-3.87
1.45
-2.20
40
0.33
1.85
-0.37
37
1.47
2.04
2.02
37
-0.72
0.98
-0.47
37
0.77
1.09
0.23
35
-1.94
2.24
-0.28
33
0.52
0.43
0.27
615

Note: EC denotes change in technical efficiency. EC is one of the decompositions of TFP growth, the other being technical change (TC)
(see Section 3.2). EC1 to EC4 are the respective decompositions of the overall TFP growth measures LL1 to LL4. Growth in percentage
terms.
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Table IV-8. Environmentally-adjusted and standard Malmquist technical
change at Swedish pulp and paper plants
Year
1999

2000

2001

2002

2003

2004

2005

2006

2007

2008

2009

2010

2011

2012

2013

TOTAL

Indicator
Mean
Std.dev
p50
OBS
Mean
Std.dev
p50
OBS
Mean
Std.dev
p50
OBS
Mean
Std.dev
p50
OBS
Mean
Std.dev
p50
OBS
Mean
Std.dev
p50
OBS
Mean
Std.dev
p50
OBS
Mean
Std.dev
p50
OBS
Mean
Std.dev
p50
OBS
Mean
Std.dev
p50
OBS
Mean
Std.dev
p50
OBS
Mean
Std.dev
p50
OBS
Mean
Std.dev
p50
OBS
Mean
Std.dev
p50
OBS
Mean
Std.dev
p50
OBS
Mean
Std.dev
p50
OBS

TC1
3.13
0.49
1.78
47
0.96
0.17
0.38
46
0.27
0.06
0.08
45
1.01
0.21
0.33
45
0.69
0.12
0.34
44
2.63
0.36
1.75
44
1.01
0.23
0.45
43
0.36
0.14
0.00
41
0.02
0.01
0.00
41
6.10
0.96
4.50
40
5.01
1.09
2.06
37
0.14
0.05
0.00
37
0.18
0.06
0.01
37
0.12
0.05
0.00
35
0.13
0.05
0.00
33
1.47
0.13
0.25
615

TC2
5.58
0.80
3.68
47
1.29
0.36
0.44
46
0.66
0.18
0.12
45
1.61
0.40
0.47
45
0.98
0.15
0.58
44
4.59
0.56
3.77
44
0.96
0.19
0.55
43
0.68
0.24
0.00
41
0.08
0.04
0.00
41
10.33
1.47
7.57
40
7.85
2.20
2.19
37
0.46
0.10
0.16
37
0.32
0.09
0.13
37
0.69
0.20
0.06
35
0.46
0.12
0.06
33
2.46
0.22
0.55
615

TC3
2.46
0.69
0.61
47
1.29
0.36
0.44
46
0.66
0.18
0.12
45
1.61
0.40
0.47
45
0.97
0.15
0.44
44
4.29
0.57
2.85
44
0.71
0.17
0.35
43
1.14
0.29
0.00
41
0.08
0.04
0.00
41
10.14
1.49
7.57
40
8.04
2.19
2.46
37
0.39
0.08
0.11
37
0.32
0.09
0.13
37
1.03
0.23
0.48
35
0.63
0.14
0.34
33
2.24
0.21
0.49
615

TC4
0.00
0.00
0.00
47
0.00
0.00
0.00
46
0.00
0.00
0.00
45
0.00
0.00
0.00
45
0.36
0.04
0.29
44
3.46
0.40
2.81
44
1.03
0.12
0.81
43
3.82
0.43
3.17
41
0.00
0.00
0.00
41
3.66
0.42
3.06
40
0.75
0.09
0.64
37
1.08
0.12
0.94
37
0.00
0.00
0.00
37
2.06
0.24
1.63
35
1.40
0.15
1.15
33
1.14
0.08
0.27
615

Note: TC denotes technical change. TC is one of the decompositions of TFP growth, the other being change in technical efficiency (EC)
(see Section 3.2). TC1 to TC4 are the respective decompositions of the overall TFP growth measures LL1 to LL4. Growth in percentage
terms.
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First, model (3) (i.e. LL3) relaxes the weak disposability assumption, instead
allowing for strong disposability of bad outputs. We account for this by including
bad outputs as inputs in the PPS. Finally, model (4) (i.e. LL4) excludes bad
outputs from the PPS. This is the baseline case of standard Malmquist TFP
growth.
We start with Figure IV-4, which provides aggregate indices of good outputs
(pulp) and bad outputs as well as inputs of the Swedish pulp and paper plants in
our sample during 1999-2013. As can be verified, the industry has achieved
decoupled growth by combining pollution reductions with output expansions.372
Next, Table IV-6 presents the results for environmentally-adjusted and standard
Malmquist TFP growth at Swedish pulp and paper plants based on the TFP
growth measures LL1 to LL4. The emerging pattern is that environmentallyadjusted TFP growth (LL1 to LL3) is slightly higher than standard Malmquist
TFP growth (LL4). Moreover, the lower median growth rates suggest that large
and productive plants steer the results to some extent. The main source of
growth in all four models (LL1 to LL4) appears to be technical change rather
than efficiency change, which is suggested by higher growth rates for TC1 to TC4
(see Table IV-8) compared with those for EC1 to EC4 (see Table IV-7).
The standard Malmquist TFP index excluding bad output (LL4) yields an
average growth rate across plants of 1.66 percent, with the main source of growth
being technical change. This indicates that traditional TFP in the Swedish PPI
has rebounded after featuring negative growth between 1989 and 1999
(Brännlund 2008). Growth rates are still higher when we apply the
environmentally-sensitive TFP indexes (LL1 to LL3), which is in line with our
expectations: Firms reallocate productive resources to pollution abatement
which, in contrast to the standard Malmquist index, is acknowledged by those
measures. We find average growth in the range of 1.86 to 2.05 percent. Technical
change continues to be the dominant source of growth, which confirms Chung
et al.’s findings for the period 1986-1990 (Chung, Färe et al. 1997).

5.2 Drivers of TFP growth
This section presents the second-stage regression results for the effect of various
‘uncontrollable’ variables on our four TFP growth measures (LL1 to LL4), as
well as its decomposition measures (EC1 to EC4 and TC1 to TC4). The
‘uncontrollables’ are external factors, in the form of environmental regulation,
affecting plant productivity without being outside the influence of plant
management. We use this approach to empirically test the PH’s recast version
and coordination failure in Sweden’s decentralized system of environmental
governance, respectively.373 In the Appendix we moreover present robustness
372
373

See also Part 1, Section 5.
See Section 3.2 and Part 1, Section 3.
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checks for our TFP growth regressions (LL1 to LL4), and we include regression
results for the respective difference models, which test whether the coefficients
from our four TFP growth regressions differ significantly from each other. The
Appendix also presents regression results for the difference models involving EC
and TC.
Table IV-9. Drivers of TFP growth at Swedish pulp and paper plants
VARIABLES
Green
MUemp
LMAmill
SULF
COAST
TOWN
Pta
Constant
Observations
R-squared

(1)
LL1
-0.0197
(0.0359)
0.0846***
(0.0268)
-0.256*
(0.143)
1.876***
(0.601)
0.398
(0.549)
-0.655
(0.543)
-0.0362
(0.0951)
3.083**
(1.274)
615
0.106

(2)
LL2
-0.0997**
(0.0432)
0.102**
(0.0480)
-0.199
(0.216)
1.959**
(0.731)
0.455
(0.725)
-1.113
(0.722)
-0.00781
(0.0942)
3.582
(2.178)
615
0.095

(3)
LL3
-0.0854*
(0.0420)
0.109**
(0.0476)
-0.142
(0.209)
1.896**
(0.772)
0.517
(0.770)
-1.123
(0.698)
-0.0215
(0.0927)
3.376*
(1.951)
615
0.099

(4)
LL4
-0.0895**
(0.0403)
0.0489
(0.0380)
-0.220
(0.244)
1.817***
(0.663)
0.797
(0.679)
-0.979
(0.783)
0.0321
(0.125)
2.218
(2.032)
615
0.073

Note: The table presents OLS regression results. The regressions include year dummies.
The underlying dataset is a sample of Swedish pulp and paper plants, observed during
1999-2013. Robust standard errors in parentheses *** p<0.01, ** p<0.05, * p<0.1.

Table IV-9 reports OLS regression results for regulation-induced TFP growth at
Swedish pulp and paper plants. First, we find negative and statistically highly
significant coefficients for Green in models (2) to (4). This suggests that the higher
the Green Party’s share in the Municipal Council Election in a plant’s
municipality, the lower a plant’s TFP growth. Model (4) presents the baseline
case involving regulation-induced standard Malmquist TFP growth. The negative
and statistically highly significant Green-coefficient indicates that a one-percent
rise in Green Party representation in the Municipal Council, on average,
decreased Swedish pulp and paper plants’ conventional TFP growth by about
0.09 percent. In other words, conventional TFP growth is negatively (albeit
weakly) affected by increased local Green Party influence, most likely because it
implies higher regulatory stringency regarding CAC inspection and enforcement
at the local level compared with more business-friendly parties. Analogously, the
stronger the local influence of such business-friendly parties relative to that of
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the Green party, the lower regulatory stringency, which results in higher standard
TFP growth.
This trend is confirmed by models (2) and (3), inspite of the fact that these TFP
growth measures account for the fact that plants divert resources to pollution
abatement. The only model deviating from these results is model (1), whose TFP
growth measure is unique in that it takes into account distances to the bestpractice frontier in terms of both good and bad outputs. This is confirmed by
the difference models in Table A- IV-1, which indicate that the Green-coefficient
in model (1) statistically significantly differs from those in models (2) to (4). On
that basis, comparing models (1) and (4) with regard to the impact of Green on
plants’ TFP growth, one can observe that Green induces higher TFP growth at
Swedish pulp and paper plants when bad outputs are included in the TFP
measure and when plants are credited, in terms of higher TFP growth, for
curbing those bad outputs, respectively.
Table IV-10. Drivers of efficiency change at Swedish pulp and paper
plants
VARIABLES
Green
MUemp
LMAmill
SULF
COAST
TOWN
Pta
Constant
Observations
R-squared

(1)
TTE1
-0.00593
(0.0269)
0.0280
(0.0220)
-0.263*
(0.134)
1.415***
(0.453)
-0.723*
(0.418)
-0.697
(0.420)
0.0147
(0.0759)
0.688
(1.028)
615
0.134

(2)
TTE2
-0.0951*
(0.0476)
-0.00254
(0.0535)
-0.205
(0.242)
2.088**
(0.889)
-0.907
(0.874)
-0.591
(0.534)
0.0331
(0.0864)
-1.567
(1.609)
615
0.164

(3)
TTE3
-0.0915*
(0.0518)
0.00719
(0.0519)
-0.133
(0.236)
2.272**
(0.975)
-0.314
(0.928)
-0.692
(0.605)
-0.00322
(0.0871)
1.043
(1.327)
615
0.169

(4)
TTE4
-0.0727**
(0.0323)
-0.00891
(0.0379)
-0.238
(0.204)
1.460**
(0.610)
-0.249
(0.619)
-0.658
(0.425)
0.0579
(0.125)
2.376*
(1.217)
615
0.085

Note: The table presents OLS regression results. The regressions include year dummies.
The underlying dataset is a sample of Swedish pulp and paper plants, observed during
1999-2013. Robust standard errors in parentheses *** p<0.01, ** p<0.05, * p<0.1.

This is not to say, however, that Green has a significant impact on plants’
environmentally-adjusted TFP growth in the form of model (1). The statistically
insignificant coefficient for Green in model (1) instead provides inconclusive
evidence in that regard, which implies inconclusive evidence in terms of a ‘recast’
version of the PH. Regarding the results for model (4), plants’ increased
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allocation of productive resources to curb bad outputs, which is implied by
increased regulatory stringency, is not rewarded on the output side because
standard TFP growth indexes only contain the good output. This finding, on the
one hand, would mean a rejection of the PH’s ‘strong’ version, which posits a
positive relationship between regulatory stringency and conventional TFP
growth. On the other, it indicates efficiency losses through regulatory bias due to
decentralized elements in Swedish CAC regulation, entailing a discriminatory
treatment of plants with otherwise equal characteristics.
Next, the positive and statistically highly significant coefficients for MUemp
in models (1) to (3) suggest a positive, albeit weak, link between a plant’s share
in total municipal employment and plant environmentally-adjusted TFP growth
(cf. Table IV-9): a one-percent rise in a plant’s share in total municipal
employment, on average, increases these ‘green’ growth measures by 0.08 to 0.1
percent. This is somewhat surprising since we expected MUemp to capture less
strict local supervision and enforcement of stringent national environmental
regulations, which would have a detrimental on environmentally-sensitive TFP
growth measures. At the same time, we argue that plants with importance for
local employment, all else equal, also might have less output restrictions vis-à-vis
plants that matter less for local employment—which they in turn would be
credited for in the form of higher relative green TFP growth. This however
should be visible in the benchmark model (1) in the form of a positive and
statistically coefficient for MUemp—which is not the case. Moreover, the
difference model (3) for TFP growth indicates that the MUemp-coefficients for
TFP growth-models (1) and (4) do not differ in a statistically significant way.
Thus, our prior conjectures as regards the link between MUemp and TFP growth
at Swedish pulp and paper plants could not be confirmed. One explanation for
these counterintuitive findings is that plants with high MUemp are themselves
large. The fact that MUemp is rather highly correlated with plant size (both in
terms of number of employees and pulp and paper output) provides confirming
evidence of this conjecture.374 Hence, MUemp could measure in part the relatively
higher degree of regulatory stringency faced by large plants—which, in line with
environmental efficiency considerations of Swedish environmental regulation,
would result in larger allocations of productive resources to curbing bad outputs
and thus higher relative green TFP growth. Related to that, it might moreover
measure the fact that large plants, due to their larger internal resources and their
ability to harness economies of scale, are per se more productive than smaller
plants. Our robustness checks involving quantile regressions tend to support
these conjectures through positive and statistically coefficients for MUemp in the
higher quantiles (q50, q75, q90).375
The mostly statistically insignificant coefficients for LMAmill indicate
inconclusive results as for the impact of a higher number of plants in the local
The correlation of MUemp and Size in terms of a plants number of employees is 0.5,
whereas that of MUemp and Size in terms of pulp and paper output is around 0.3.
375 See Table A- IV-4, Table A- IV-5, Table A- IV-6 and Table A- IV-7 in the Appendix.
374
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laboer market area on plants’ TFP growth (cf. Table IV-9). Model (1) reports a
negative statistically weakly coefficient for LMAmill, suggesting that the higher
the number of plants in a LMA, the lower plants’ relative green TFP growth.
Lower relative efficiency change seems to drive this result (cf. Table IV-10),
although Table IV-11—which lists regression results for (regulation-induced)
drivers of technical change at Swedish pulp and paper plants—reports a
somewhat offsetting effect suggesting a positive relationship between LMAmill
and plants’ TC. The respective difference models for TFP growth, TE and TC,
however, do not suggest a statistically significant difference between the
respective LMAmill-coefficients in models (1) to (4).376 Further evidence of a
neutral relationship between LMAmill and the various green TFP growth
measures is provided by the robustness checks in the Appendix. 377 These
inconclusive findings may be due to the two hypothesized counterbalancing
effects—collective action versus regulation-induced cross-plant collaboration—
regarding the effect of LMAmill. Hence, the PH’s postulation that well-designed
regulation needs to be coordinated (industry-industry, regulator-industry,
regulator-regulator) to yield the ‘double dividend’ of mutual environmental and
economic benefits is neither confirmed nor rejected—based on our results for
LMAmill.
We find positive and statistically highly significant effects for SULF across all
four TFP-models and with similar magnitudes (cf. Table IV-9): TFP growth of
sulfate plants, on average, was between 1.8 and 1.9 percent higher than that of
non-sulfate plants. This trend is broadly confirmed by our robustness checks
involving quantile regression.378 Table IV-10 reveals that TFP growth across all
four models was driven by growth in technical efficiency (EC). It is unclear to
what extent this catching-up effect to the best-practice frontier was induced by
more stringent environmental regulation, due to the fact that, in the ECdifference model, the SULF-coefficient for EC-specification (1) involving bad
outputs does not differ statistically significantly from that in EC-specification (4);
our baseline case excluding bad outputs (see Table A- IV-2).
Somewhat clearer evidence is provided by TC-model (1) in Table IV-11. As
mentioned, the TFP growth measure in that model—and its TC-decomposition,
respectively— is unique in that it takes into account distances to the best-practice
frontier in terms of both good and bad outputs, crediting plants for
improvements in both output types. The positive and statistically significant
SULF-coefficient in Table IV-11 suggests that sulfate plants’ rate of
environmentally-adjusted technical change, on average, was around 0.5 percent
higher than that of non-sulfate plants. By contrast, the SULF-coefficient in TCmodel (4) of the same table, our benchmark case excluding bad outputs, yields
inconclusive results. The difference between the two SULF-coefficients in TCmodels (1) and (4) is confirmed by the difference models with respect to TC (see
See Table A- IV-1, Table A- IV-2 and Table A- IV-3 in the Appendix.
See Table A- IV-4, Table A- IV-5, Table A- IV-6 and Table A- IV-7 in the Appendix.
378 See Table A- IV-4, Table A- IV-5, Table A- IV-6 and Table A- IV-7 in the Appendix.
376
377
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Table A- IV-3). They indicate that the SULF-coefficient in model (1) statistically
significantly differs from that in model (4), as well as from those in models (2)
and (3). On that basis, comparing models (1) and (4) with regard to the impact
of SULF on plants’ TC, one can observe that SULF induces higher TC at
Swedish pulp and paper plants when bad outputs are included in the TFP
measure and when plants are credited, in terms of higher TC, for curbing those
bad outputs, respectively. This finding provides some evidence that the Swedish
regulatory authorities, in line with environmental efficiency considerations, have
been be able to stimulate sulfate plants to develop new pollution control
technologies to reduce their comparatively large environmental footprint. This
lends some support to the notion that Sweden’s environmental regulation creates
‘maximum opportunity for innovation’ (Porter and van der Linde 1995a). In this
way, we find some support for a recast version of the PH.
Table IV-11. Drivers of technical change at Swedish pulp and paper
plants
VARIABLES
Green
MUemp
LMAmill
SULF
COAST
TOWN
Pta
Constant
Observations

(1)
TC1
-0.0336*
(0.0172)
0.0578***
(0.0145)
0.228***
(0.0808)
0.528**
(0.212)
1.223***
(0.203)
0.256*
(0.144)
-0.0870*
(0.0508)
-1.042***
(0.356)
615

(2)
TC2
-0.0134
(0.0246)
0.0844**
(0.0332)
0.128
(0.152)
-0.437
(0.354)
1.137***
(0.276)
0.115
(0.437)
-0.00994
(0.0619)
0.245
(0.621)
615

(3)
TC3
-0.00567
(0.0208)
0.0814**
(0.0354)
0.0802
(0.181)
-0.526
(0.454)
0.609*
(0.358)
0.130
(0.525)
0.0398
(0.0593)
0.249
(0.682)
615

(4)
TC4
0.0189
(0.0153)
0.0581***
(0.0143)
-0.0826
(0.170)
0.152
(0.274)
0.499*
(0.260)
-0.0532
(0.201)
0.0117
(0.0396)
-0.260
(0.471)
615

Note: The table presents Tobit regression results with a censoring limit of zero to account
for the fact that technical change often is zero. The regressions include year dummies. The
underlying dataset is a sample of Swedish pulp and paper plants, observed during 19992013. Robust standard errors in parentheses *** p<0.01, ** p<0.05, * p<0.1.

We find similar patterns regarding TC for plants located by the coast
(COAST=1). First, the statistically highly significant results for COAST across
all models (cf. Table IV-11) indicate that coastal plants, on average, featured
higher rates of TC than their non-coastal counterparts. Moreover, Table A- IV-3
suggests that plants’ environmentally-adjusted TC based on our preferred model
(1) was significantly higher than conventional TC based on the standard
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Malmquist TC measure (model 4). This is somewhat counterintuitive because we
expected coastal plants to exhibit lower relative rates of environmentally-adjusted
TC (based on the TC1-model) due to the fact that coastal areas might be
considered less environmentally sensitive by the regulatory authorities. The
finding could be explained by the fact that coastal plants often are sulfate plants,
as evidenced by a relatively high correlation between the two variables (see Table
IV-5).
Nevertheless, there are some signs in line with our expectations that coastal
plants, all else equal, are more leniently regulated. Our robustness checks using
quantile regressions provides more nuanced insights in this regard, because the
quantile regression approach, unlike the traditional OLS estimation method,
allows for heterogeneous effects of the explanatory variables over the entire
distribution of the dependent variable. In our case, the quantile regression results
for the lowest quantiles (q10 and q25) persistently report negative and statistically
highly significant coefficients for COAST across all four TFP models (LL1 to
LL4).379 In other words, for the least-growing plants, coastal location implied
significantly lower TFP growth relative to their non-coastal counterparts. On top
of that, the difference model LL1 versus LL4 for our quantile regression
robustness checks LL1 and LL4 (cf. Table A- IV-4 and Table A- IV-7) provides
weak statistical evidence that the COAST-coefficient of the 25th quantile in the
LL1-model is lower than the corresponding coefficient in the LL4-model. Hence,
for this quantile, TFP growth including bad outputs was significantly below
standard Malmqiust TFP growth excluding bad outputs. This can be interpreted
as that coastal plants belonging to the lowest quantiles tend to be less strictly
regulated than their non-coastal fellows in the same quantile—which would be
in line with environmental efficiency and imply a weak confirmation of a recast
version of the PH.

6 Conclusions
In contrast to many other countries, Sweden’s emission standards are plantspecific and part of an operating permit issued by regional environmental courts
on a case-by-case basis. The enforcement of these standards, in turn, occurs at
the local level. This flexible approach has been noted by some to contribute to
the dual goals of environmental protection and maintaining the competitiveness
of Swedish manufacturing industry (Porter and van der Linde 1995a, Lönnroth
2010). A potential downside of such a regulatory regime is that it may trigger a
discriminatory treatment of plants with otherwise similar characteristics (e.g.
regarding size and production process). This bias can be due to local

379

See Table A- IV-4, Table A- IV-5, Table A- IV-6 and Table A- IV-7 in the Appendix.
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environmental arguments in line with the Swedish Environmental Code or local
politico-economic considerations.
Against this backdrop, we examined the effect of environmental regulation in
general, and Swedish decentralized and plant-specific regulatory structure in
particular, on environmentally-adjusted TFP growth and its components for the
Swedish PPI. We analyzed productivity effects by applying the recently proposed
sequential Malmquist-Luenberger (SML) productivity index, which is an
extension to the traditional Malmquist-Luenberger index. We also applied a
traditional Malmquist index as benchmark. This approach also allowed us to
empirically test the controversially debated Porter Hypothesis (PH), which posits
a positive relationship between environmental regulation and polluting firms’
TFP growth (Porter and van der Linde 1995a). Moreover, we were able to analyze
a so far scarcely examined recast version of the PH, which suggests that
environmental regulation stimulates plants’ environmentally-adjusted TFP
growth.
Our findings suggest that Sweden’s decentralized and plant-specific
environmental regulation has had a positive effect on the PPI’s green TFP
growth, and its components. It appears to have been particularly successful in
stimulating technical change at sulfate plants, which suggests that the authorities
have been be able to induce the sulfate industry to develop new pollution control
technologies to reduce their comparatively large environmental footprint.
Therefore, we find evidence of a recast version of the PH. By contrast, regulation
was found not to affect conventional TFP growth, which lets us reject the
classical PH. Also, we find that decentralized Swedish CAC regulation has a
tendency for regulatory bias, entailing a politically motivated discriminatory
treatment of plants with otherwise equal characteristics, which suggests a
coordination failure of Sweden’s decentralized regulatory system. By contrast, we
find inconclusive evidence regarding the PH’s postulation that (regulationinduced) intra-industry coordination is beneficial for innovation and innovation
offsets.
Our findings provide at least two valuable policy implications. First, our
evidence against the classical PH suggests that harmonizing the dual goals of
environmental protection and economic growth continues to be a major
challenge for environmental policy. Second, the fact that the achievement or nonachievement of these goals is usually judged using standard measures of
productivity growth might miss the point. This is because such measures do not
reflect polluting agents’ true productivity improvements, suppressing the fact
that they allocate productive resources to pollution abatement. Recently
developed environmentally-sensitive TFP growth measures such as the ML or
SML index represent promising steps towards correcting the alleged
contradiction between environmental regulation and productivity growth.
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Appendix

Figure A- IV-1. Distribution of TFP growth (LL1 to LL4) over the pulp and
paper plants in the sample
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Figure A- IV-2. Distribution of technical change (TC1 to TC4) over the
pulp and paper plants in the sample

Figure A- IV-3. Distribution of efficiency change (EC1 to EC4) over the
pulp and paper plants in the sample
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Table A- IV-1. Difference models for TFP growth at Swedish pulp and
paper plants
VARIABLES
Green
MUemp
LMAmill
SULF
COAST
TOWN
Pta
Constant
Observations
R-squared

(1)
dL1L2
0.0692***
(0.0147)
-0.0193
(0.0285)
-0.0171
(0.142)
0.0667
(0.317)
0.0106
(0.299)
0.374
(0.335)
-0.0462
(0.0595)
-0.526
(1.193)
615
0.046

(2)
dL1L3
0.0571***
(0.0133)
-0.0264
(0.0269)
-0.0706
(0.137)
0.102
(0.314)
-0.0960
(0.335)
0.382
(0.286)
-0.0352
(0.0585)
-0.348
(1.075)
615
0.049

(3)
dL1L4
0.0536**
(0.0228)
0.0396
(0.0291)
-0.0482
(0.190)
0.110
(0.412)
-0.335
(0.415)
0.310
(0.403)
-0.0978
(0.128)
0.915
(1.259)
615
0.040

Note: The table reports OLS regression results including year dummies. The underlying dataset is a
sample of Swedish pulp and paper plants, observed during 1999-2013. Robust standard errors in
parentheses *** p<0.01, ** p<0.05, * p<0.1..

Table A- IV-2. Difference models for efficiency change at Swedish pulp
and paper plants
VARIABLES
Green
MUemp
LMAmill
SULF
COAST
TOWN
Pta
Constant
Observations
R-squared

(1)
dTE1TE2
0.114***
(0.0295)
0.0181
(0.0356)
-0.0658
(0.206)
-1.149*
(0.581)
-0.250
(0.633)
-0.0850
(0.372)
-0.0201
(0.0518)
2.541*
(1.421)
615
0.058

(2)
dTE1TE3
0.104***
(0.0314)
0.0138
(0.0348)
-0.119
(0.198)
-1.249*
(0.628)
-0.712
(0.674)
-0.0253
(0.404)
0.0143
(0.0424)
-0.204
(1.328)
615
0.061

(3)
dTE1TE4
0.0715***
(0.0176)
0.0414
(0.0407)
-0.130
(0.218)
-0.530
(0.496)
-0.913*
(0.529)
0.172
(0.483)
-0.0387
(0.127)
-1.556
(1.232)
615
0.095

Note: The table reports OLS regression results including year dummies. Robust standard errors in
parentheses *** p<0.01, ** p<0.05, * p<0.1.
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Table A- IV-3. Difference models for technical change at Swedish pulp
and paper plants
(1)
dTC1TC2
-0.0473
(0.0297)
-0.0388
(0.0273)
-0.00407
(0.148)
1.162***
(0.394)
0.221
(0.408)
0.550
(0.394)
-0.0234
(0.0426)
-3.053***
(1.045)
615
0.083

VARIABLES
Green
MUemp
LMAmill
SULF
COAST
TOWN
Pta
Constant
Observations
R-squared

(2)
dTC1TC3
-0.0499
(0.0329)
-0.0404
(0.0283)
-0.00928
(0.142)
1.302***
(0.428)
0.594
(0.441)
0.475
(0.440)
-0.0450
(0.0459)
-0.0221
(1.071)
615
0.090

(3)
dTC1TC4
-0.0181
(0.0126)
0.00462
(0.00941)
0.0242
(0.0600)
0.562***
(0.145)
0.453**
(0.190)
0.171
(0.173)
-0.0573**
(0.0254)
2.634***
(0.582)
615
0.389

Note: The table reports OLS regression results including year dummies. Robust standard errors in
parentheses robust standard errors in parentheses *** p<0.01, ** p<0.05, * p<0.1.

Table A- IV-4. Quantile regression results for drivers of TFP growth
(LL1) at Swedish pulp and paper plants
VARIABLES

Green
MUemp
LMAmill
SULF
COAST
TOWN
Pta
Constant
Observations

(1)
q10
0.125
(0.138)
-0.0565
(0.0745)
0.211
(0.294)
-0.250
(1.055)
-3.955***
(1.171)
-0.607
(0.969)
-0.198
(0.167)
-1.703
(1.786)
615

(2)
q25
0.0199
(0.100)
0.0186
(0.0576)
-0.0984
(0.239)
0.385
(0.545)
-1.762***
(0.644)
-0.278
(0.642)
-0.0631
(0.132)
-0.183
(1.377)
615

(3)
q50
0.0115
(0.0760)
0.0785*
(0.0452)
0.153
(0.220)
0.821
(0.611)
0.539
(0.727)
0.378
(0.562)
-0.00862
(0.100)
0.515
(1.217)
615

(4)
q75
-0.0442
(0.0864)
0.147**
(0.0602)
-0.0807
(0.264)
2.440***
(0.817)
2.631***
(0.853)
-0.639
(1.131)
0.00446
(0.143)
3.631
(2.291)
615

(5)
q90
-0.169
(0.144)
0.113
(0.0805)
-0.941*
(0.550)
4.361***
(1.483)
2.892*
(1.571)
-2.232
(1.360)
0.0312
(0.242)
12.00***
(3.914)
615

Note: The table reports quantile regression results including year dummies. Standard errors in
parentheses. *** p<0.01, ** p<0.05, * p<0.1.

309

Jönköping International Business School

Table A- IV-5. Quantile regression results for drivers of TFP growth
(LL2) at Swedish pulp and paper plants
VARIABLES

Green
MUemp
LMAmill
SULF
COAST
TOWN
Pta
Constant
Observations

(1)
q10
0.0995
(0.235)
-0.110
(0.117)
0.0812
(0.408)
0.275
(1.198)
-4.382***
(1.394)
1.220
(1.387)
0.0180
(0.229)
-6.766**
(3.276)
615

(2)
q25
-0.0906
(0.164)
-0.0307
(0.0807)
-0.269
(0.299)
1.149
(0.821)
-2.234**
(0.914)
-0.198
(1.094)
-0.0371
(0.166)
-1.100
(1.940)
615

(3)
q50
-0.0441
(0.0756)
0.142**
(0.0668)
-0.157
(0.272)
0.883
(0.674)
0.625
(0.773)
0.284
(0.793)
0.0685
(0.132)
0.494
(1.946)
615

(4)
q75
-0.0885
(0.0953)
0.217***
(0.0641)
0.158
(0.324)
1.209
(0.936)
3.601***
(0.983)
-0.669
(1.274)
-0.0424
(0.184)
7.760**
(3.725)
615

(5)
q90
-0.265
(0.185)
0.226**
(0.0979)
0.357
(0.627)
2.661
(1.752)
5.152***
(1.737)
-5.640**
(2.701)
-0.0773
(0.272)
17.79***
(4.992)
615

Note: The table reports quantile regression results including year dummies. Standard errors in
parentheses. *** p<0.01, ** p<0.05, * p<0.1.

Table A- IV-6. Quantile regression results for drivers of TFP growth
(LL3) at Swedish pulp and paper plants
VARIABLES

Green
MUemp
LMAmill
SULF
COAST
TOWN
Pta
Constant
Observations

(1)
q10
0.133
(0.249)
-0.0635
(0.111)
-0.0501
(0.422)
0.559
(1.241)
-4.541***
(1.465)
0.782
(1.420)
-0.154
(0.244)
-4.265
(2.774)
615

(2)
q25
-0.0438
(0.157)
-0.0424
(0.0765)
-0.206
(0.283)
0.884
(0.823)
-1.793*
(0.916)
0.325
(0.998)
-0.0476
(0.161)
-1.028
(1.790)
615

(3)
q50
-0.0483
(0.0643)
0.149**
(0.0634)
-0.109
(0.260)
0.878
(0.664)
0.850
(0.691)
0.0908
(0.713)
0.0317
(0.133)
0.559
(1.568)
615

(4)
q75
-0.103
(0.0785)
0.215***
(0.0713)
0.0952
(0.310)
1.483
(1.006)
3.267***
(1.066)
-0.905
(1.293)
-0.111
(0.183)
4.491
(2.782)
615

(5)
q90
-0.245
(0.203)
0.260**
(0.109)
0.376
(0.620)
2.339
(1.705)
5.199***
(1.884)
-5.899**
(2.639)
0.0373
(0.275)
14.71**
(6.240)
615

Note: The table reports quantile regression results including year dummies. Standard errors in
parentheses. *** p<0.01, ** p<0.05, * p<0.1.
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Table A- IV-7. Quantile regression results for drivers of TFP growth
(LL4) at Swedish pulp and paper plants
VARIABLES

Green
MUemp
LMAmill
SULF
COAST
TOWN
Pta
Constant
Observations

(1)
q10
-0.345
(0.328)
-0.294**
(0.144)
-0.170
(0.396)
0.979
(1.238)
-3.674***
(1.407)
-1.151
(1.402)
0.245
(0.233)
-0.441
(2.959)
615

(2)
q25
-0.0515
(0.144)
-0.0714
(0.0806)
-0.404*
(0.241)
0.286
(0.774)
-1.446
(0.881)
0.340
(1.092)
0.129
(0.120)
-1.257
(1.880)
615

(3)
q50
-0.0211
(0.0748)
0.0842*
(0.0498)
-0.196
(0.236)
0.492
(0.569)
0.767
(0.604)
0.0669
(0.607)
0.0916
(0.103)
0.809
(1.314)
615

(4)
q75
-0.0533
(0.104)
0.176***
(0.0604)
-0.243
(0.326)
1.651*
(0.890)
2.826***
(1.060)
-0.745
(1.130)
0.0540
(0.137)
4.176**
(2.089)
615

(5)
q90
-0.224
(0.199)
0.159
(0.109)
-0.287
(0.561)
3.153*
(1.609)
3.003*
(1.777)
-5.752**
(2.446)
0.0828
(0.227)
11.67***
(4.233)
615

Note: The table reports quantile regression results including year dummies. Standard errors in
parentheses. *** p<0.01, ** p<0.05, * p<0.1.
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EXTERNAL TRADE
AND INTERNAL GEOGRAPHY
Local Export Spillovers by
Industry Characteristics and Firm Size
Martin Andersson & Jan F. Weiss
ABSTRACT
Exporting firms in a region may reduce export entry costs for other local firms
either through market or non-market interactions. This paper tests this
proposition by analyzing whether the probability of exporting among Swedish
firms is positively associated with the local presence of exporters in their region
and industry. Our results support this conjecture, while also providing some
support for such export spillovers being more important in contract-intensive
industries and small firms. The results for different industries and size-classes of
firms are also sensitive to whether we focus on firms’ export status or restrict the
sample to export starters.
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1 Introduction
What are the determinants of a firm’s participation in international trade? An
established finding is that firm characteristics matter: exporting involves
significant fixed (sunk) entry costs which imply productivity thresholds that only
more productive firms can overcome (Bernard and Jensen 1999, Bernard and
Jensen 2004, Greenaway and Kneller 2007, Wagner 2007). At the same time, it
seems that entry costs cannot be equated with a one-time sunk investment to
overcome export market barriers, but need to be incurred on a recurring basis
(Roberts and Tybout 1997).
The present paper emphasizes regional characteristics and builds on the idea
that spatial proximity to already established exporters may reduce export entry
costs for domestic firms. This conjecture is known as the ‘local export spillover’
hypothesis (Aitken, Hanson et al. 1997), and suggests that the local presence of
established exporters is an important determinant of a firm’s export status.
A significant part of the costs associated with exporting can be interpreted as
informational transaction costs, which comprise, e.g. gathering as well as
updating information on export opportunities and potential markets, identifying
trustworthy trading partners at home (e.g. an export agent) and overseas (e.g. a
local distributor), engaging in contract negotiations and learning about contract
enforcement issues abroad, etc. (North and Thomas 1973, Williamson 1979,
Trefler 1995, Anderson 2000). Spatial proximity to exporters may reduce such
costs in two main ways. The first is non-market interactions such as spatially
bounded flows of information about the practice of exporting and characteristics
of foreign markets. The second is market interactions where the local presence
of exporters may attract ancillary export services sectors and trade intermediaries
to a region. Both mechanisms suggest that the individual firm should enjoy better
access to export information—and thus lower export entry costs—if there is a
high local concentration of exporters.
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Previous literature provides mixed results as regards the empirical relevance
of the local export spillover hypothesis. For instance, Aitken, Hanson et al. (1997)
use data on Mexican manufacturing plants and find the probability of Mexican
plants exporting to be uncorrelated with the local concentration of exporters in
the plants’ industry. Likewise Bernard and Jensen (2004) find no evidence that
geographic spillovers may increase the probability of entry into exporting. By
contrast, Greenaway and Kneller (2008), analyzing the exporting behavior of
manufacturing firms in the United Kingdom, show that spillovers associated with
regional and industry agglomeration seem to be relevant to successful entry of
new exporters. Evidence of local export spillovers is also provided by Koenig,
Mayneris et al. (2010), who investigate the impact of local exporters on the export
decision of French manufacturers and consider destination-specific spillovers.
The current paper makes use of Swedish firm-level data with information of
firms’ aggregate export status. The nature of these data does not allow for an
assessment of destination-specific spillovers as in Koenig, Mayneris et al. (2010).
The main contribution of the paper is instead its analyses of how the importance
of local export spillovers varies across different types of industries and small and
large firms. It distinguishes itself from previous studies of export spillovers in
two main respects. First, the paper argues that the importance of local export
spillovers may vary across industries—an issue that has received little attention
in previous studies. We hypothesize that an industry’s contract intensity
influences the extent to which firms in that industry benefit from local export
spillovers. The underlying logic is that the more contract-intensive an industry is,
the higher the upfront transaction costs of exporting since the exporting firm has
to bear a larger relationship-specific investment compared with a firm belonging
to a less contract-intensive industry (Nunn 2007). Transaction costs associated
with exporting, such as gathering information and knowledge of trading partners,
contract negotiations and contract enforcement practices, are hence expected to
be higher in contract-intensive industries. This reinforces the function that local
export spillover in the industry may play in lowering export costs. In the empirical
analysis, we split our sample into firms belonging to contract-intensive and less
contract-intensive industries, using an index of contract intensity by industry
developed by Nunn (2007).
A second element of the analysis is that we test whether local export spillovers
are more important for smaller firms. Small firms have been shown to be
endowed with limited internal resources (Hessels and Terjesen 2010), and may
therefore face comparably large costs of accumulating export knowledge.
Throughout the paper we conduct separate estimations for small and large firms.
Our results provide empirical support for the general relevance of local export
spillovers. While controlling for several determinants of a firm’s export status,
we find that firms are more likely to export if they are located in regions with a
local presence of many exporters in the same industry. Local export spillovers
appear more important for contract-intensive industries. When splitting the
sample between firms in high and low contract-intensive industries, we find that
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the local presence of exporters only matters for both small and large firms in
industries with high contract intensity. In less contract-intensive industries, only
small firms appear to benefit from spillovers. The results for different industries
and size-classes of firms are sensitive to whether we focus on firms’ export status
or isolate the export starters.
The remainder of the paper is structured as follows: Section 2 provides a
theoretical framework for local export spillovers, which includes a discussion of
the nature of export entry costs and the specific mechanisms by which local
export spillovers reduce these costs. In Section 3, we present the econometric
model, the export spillover variable and discuss the estimation issues. Section 4
presents results and Section 5 concludes

2 Local Export Spillovers and Entry Costs
2.1 Local Export Spillovers and Entry Costs
Export costs appear to a large extent to be determined by ‘informal’ barriers to
trade – as opposed to classical trade barriers such as transportation costs and
tariffs (Trefler 1995, Rauch and Watson 2004).380 These barriers normally
encompass incomplete information about international trading opportunities,
uncertainty about contract enforcement and unfamiliarity with market
characteristics abroad (Anderson 2000, Rodrik 2000, Anderson and Marcouiller
2002, Anderson and van Wincoop 2004).
A useful way to conceptualize informal trade barriers is the transaction cost
economics (TCE)-framework (Williamson 1979, Williamson 1985). North and
Thomas (1973) identify different types of transaction costs: (i) costs of search
and information; (ii) negotiation costs and (iii) enforcement costs. Information
and negotiation costs constitute ex ante costs of contracting, whereas
enforcement costs can be categorized as ex post costs of contracting (Williamson
1985). Obviously, ex ante and ex post costs of contracting are interconnected,
since an increase in upfront expenditures with regard to possible contingencies
should lower ex post costs through reduced contractual opportunism and a
decline in uncertainty (Mahoney 1992). Thus, under the reasonable assumption
of far-sightedness and a limited tolerance for risk (Williamson 1998), ex post
costs of monitoring and enforcement should also play a major role in firms’ ex
ante decision-making on whether it will be profitable to incur a given transaction.
From a firm and export perspective, ex ante transaction costs can be thought of
380Informal

trade barriers have for example emerged to an increasing extent on the
international trade research agenda to explain the ‘mystery of the missing trade’ (Trefler 1995)
or the fact that nations rather trade with themselves than with each other (McCallum 1995,
Helliwell 1998).
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as market and agent information costs (Zacharakis 1997). They arise, for
example, when it comes to identifying local business partners (e.g. a distributor)
or customers – who, moreover, may be geographically distant, operate under
political instability and weak legal systems, behave according to different cultural
norms and speak a different language. Lack of knowledge about markets and
behavior of agents – in particular with respect to such non-familiar market
environments – conceivably adds to a firm’s perception of uncertainty and risk,
and represents export costs.
At the same time, previous research shows that the costs firms incur when
entering export markets are not single sunk investments. Roberts and Tybout
(1997), for example, find that by the time a plant has been out of the export
market for 2 years, its probability of exporting differs little from that of a plant
that has never exported. They suggest that this pattern is consistent with the need
to update export-specific information on a recurring basis. Moreover, it might
well be possible that a firm decides to enter different export markets or changes
its export supply pattern in consecutive years – which would also entail recurrent
entry costs. In this way, informational entry costs arguably act as a recurrent ‘tax
on trade’.

2.2 Spatial proximity to exporters, entry costs and
firms
Most firm-level analyses takes the magnitude of entry costs as given and focus
on which types of firms are able to incur them. Entry costs are interpreted as
productivity thresholds that only more productive firms (often with sizable
internal economies of scale) can overcome. Therefore, it is argued that more
productive firms self-select into an export status (Bernard and Wagner 1997,
Roberts and Tybout 1997, Bernard and Jensen 1999, Greenaway and Kneller
2007, Wagner 2007). The literature on local export spillovers, however, focuses
on how a firm’s local environment may influence the magnitude of export market
entry costs. The basic argument is that proximity to exporters improves a firm’s
access to export information and knowledge, thus reducing entry costs (Aitken,
Hanson et al. 1997, Bechetti and Rossi 2000, Requena Silvente and Giménez
2007, Greenaway and Kneller 2008, Koenig, Mayneris et al. 2010). A nonexporting firm located in a region with density of exporters may thus, because of
better access to information, face lower entry costs than a similar firm located
elsewhere.
There are two main ways in which proximity to exporters may reduce
informational export costs faced by local firms: (i) market interactions and (ii)
non-market interactions. Market interactions refer to improved access to export
service industries (e.g. export agents and trade middlemen) that can be expected
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to cluster in regions with a high concentration of exporting firms.381 They also
refer to the sharing of costs and risks of exporting (Anspacher 2002). Nonmarket interactions involve more informal diffusion and spillovers of
information and knowledge about the practice of exporting and export markets
(Aitken, Hanson et al. 1997, Sjöholm 2003, Koenig 2009). Implying learning
processes – which often have a ‘face-to-face’ nature (Duranton and Puga 2003)–
these non-market export information spillovers can be transmitted, among
others, via mobility of personnel between firms, social gatherings, friendship,
local industry associations, etc.382 Both mechanisms are means by which
information transaction costs associated with exporting may be reduced. This
conjecture is known as the “local export spillover” hypothesis, which will be
tested in the present paper.

2.3 The Role of Industry Characteristics and Firm
Size
While in principle any type of firm could benefit from local export spillovers,
there are theoretical arguments suggesting that the impact of such spillovers may
depend on characteristics of the industry a firm belongs to as well as firm size.
A basic hypothesis is that local export spillovers are more relevant to
industries with high contract-intensity. In such industries, contracts matter and
transaction costs are thus expected to be more significant. Knowledge and
information about negotiation practices, contract enforcement procedures as
well as informal and formal institutions in foreign markets is expected to be of
greater importance. The underlying argument is built around three important
attributes of transactions and their associated costs (Williamson 1979, Joskow
1985, Williamson 1998): (i) contracts are inherently incomplete, (ii) transactions
feature complexity and uncertainty, and (iii) transactions may require one or both
parties to make relation-specific (idiosyncratic) investments. Limited knowledge
and information about foreign markets enhance expected transactions costs,
especially for firms in contract-intensive industries where contractual issues are
important. A firm may choose to withdraw from a planned transaction given the
high costs, uncertainties and risk of facing holdup on defaulted contracts
Usually acting as brokers of goods, middlemen perform certain functions that are important
from a transaction-cost perspective (Rubinstein and Wolinsky 1987, Biglaiser 1993, Biglaiser
and Friedman 1993, Rauch 2001).
382Anecdotal evidence of local export spillovers via non-market interactions is provided by
Schmitz (1995, p.21). Discussing the Sines Valley region of Brazil, the origin of over 80 percent
of the country’s footwear exports, he notes that “non-economic ties between actors do seem
to play a major role. Some are to do with ethnicity (being of German descent); others with
geography (being local); or kinship.” Schmitz (1995, p.12) also states that “the diffusion of
information and ideas between the firms occurs not only in business transactions, but also at
social gatherings of friends, family, sports club, neighborhood or church.”
381
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(Mahoney 1992, Anderson 2000).383 Local export spillovers are expected to play
an important role in contract-intensive industries, by increasing a firm’s
knowledge and information about foreign markets and thereby reducing
transaction costs.
As regards firm size, there are arguments that local export spillovers may be
more important for smaller firms. This argument draws on the resource-based
view (RBV) of the firm (Wernerfeldt 1984, Barney and Arikan 2001). The RBV
defines the firm as a collection of firm-specific and slowly changing resources
that are difficult to imitate, emphasizing capabilities and competencies that are
internal to the firm (Link and Siegel 2007). On that basis, one can conjecture that
small firms – due to their limited internal resources, such as stock of accumulated
knowledge and human capital (Johanson and Vahlne 1977, Zacharakis 1997, Van
Beers and v. d. Panne 2009)–may have more difficulty in incurring entry costs
associated with exporting than large firms. Small firms’ sales on international
markets may be particularly dependent upon information and knowledge flows
from the local environment.384 When internal resources are weak, external
resources are likely to be of greater importance (Hessels and Terjesen 2010)–and
local export spillovers are indeed such an external resource.385 Spatially bounded
externality phenomena may substitute for weak internal resources (Acs,
Audretsch et al. 1994).
In the empirical analysis we test these conjectures by conducting separate
estimations for firms in industries with high and low contract intensity, and for
small and large firms.

3 Data and Empirical Strategy
3.1 Data
The empirical analysis presented in this study builds on a panel data set
containing observations on manufacturing firms in Sweden (NACE 15–37) with
10 or more employees. Covering the period 1997–2004, this dataset is the
product of four data sources that have been matched based on a unique
383The

TCE framework assumes indeed that organizations are far-sighted in the sense that
they look ahead, try to perceive hazards and incorporate these into the contractual calculus
(Williamson 1998).
384This may be further fostered by the fact that SMEs tend to have many business linkages
and are more susceptible to knowledge spillovers from external actors than larger firms
(Acs, Audretsch et al. 1994).
385There is scattered empirical evidence that local export spillovers may be particularly
beneficial for small and medium-sized enterprises (SMEs), significantly enhancing their
probability of becoming exporters (Bechetti and Rossi 2000, Chevassus-Lozza and Galliano
2003, Requena Silvente and Giménez 2007).
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identification number of each firm. In all data sources a firm is defined as a legal
entity. The data have been gathered by the Swedish Customs Office and Statistics
Sweden. The first data set provides information on firms’ import and export
activities on a yearly basis. The second data source contains balance-sheet
information on the firms, such as employment, value added, sales, gross
investments, short- and long-run debts, etc. The Swedish employment database
(RAMS) constitutes the third data set, giving information on the education
structure of each firm’s employees. The fourth data set provides insight into the
firms’ ownership structure, indicating whether a firm is non-affiliated or whether
it is owned by a domestic corporation, a domestic multinational or a foreign
multinational. Following the arguments in the previous section, we use this
ownership information to identify non-affiliated firms, i.e. firms that are not part
of a company group.
Each firm is assigned to a given functional region through a spatial
identifier.386 A drawback of the data is that it does not contain information on
whether a given firm is a multi-plant firm or not. However, multi-plant
phenomena are mostly a feature of corporations, and the empirical model
includes control variables for affiliation to corporations.
In order to test the importance of an industry’s contract intensity, we merge
our basic data with a novel industry classification developed by Nunn (2007) who
classifies industries based on the importance of relationship-specific investments
within a sector, i.e. investments whose value within a seller-buyer relationship is
much higher than outside.387 In particular, he develops an index of contractintensity for different manufacturing industries based on the fraction of products
that are not sold on organized exchange and not referenced priced, following a
classification of differentiated products by Rauch (1999). We use this index value
to distinguish between industries with high (above median) and low (belowmedian) contract intensity.

3.2 Empirical Model
The empirical model is designed to test whether regional variables, assumed to
reflect local export spillovers, influence the probability that a firm i is exporting
in period t. Our main model is given by:

386The

spatial identifier is the municipality a given firm is located in. A functional region consists
of several municipalities that form an integrated local labor market. Within such a region, time
distances between places are small enough to allow for frequent face-to-face contacts.
Functional regions are delineated based on the intensity of commuting flows. We use the
definition of functional regions given by the Swedish Agency for Economic and Regional
Growth.
387 See Nunn (2007) for details.
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(1)

Pr(𝑋𝑖𝑟𝑡 = 1) = Φ(𝛌′𝐅𝒊𝒓𝒕−𝟏 , 𝛃′𝐑 𝒊𝒓𝒕−𝟏 , 𝛄′𝐙𝒊𝒓𝒕−𝟏 )

Firm
attributes

Regional
characteristics

Other
control
variables

where Xirt is a binary indicator taking the value 1 if firm i in region r is exporting
in period t and 0 otherwise. There are three groups of variables assumed to
influence the probability that a firm i is exporting in any year t (Xirt =1); (i) firm
attributes (F), (ii) regional characteristics (R) and (iii) other control variables (Z).
The t-1 subscript indicates that all explanatory variables are lagged one period to
reduce potential endogeneity and simultaneity issues (Koenig, Mayneris et al.
2010). Our focus on local export spillovers implies that the main interest is on
the influence of regional characteristics (R). If the estimated parameters in β
associated with the variables in R, which are assumed to reflect local export
spillovers, are positive and significant, it provides support for the hypotheses in
the paper. Ottaviano and Martincus (2009) present an analysis of exporting firms
using a similar empirical set-up.
Note that the estimated effects will be conditional on both firm attributes and
other controls. The model in (1) is the baseline model which will be estimated
for small and large firms and for firms in industries with different contract
intensity. Following the arguments in the previous section, the hypothesis is that
the effect of the local export spillover variables will be stronger for small firms
and for firms in contract-intensive industries.
As a robustness test we also consider two additional dependent variables
which isolate export starts. The first is a dummy for multiple starts which is 1 for
a firm in year t if the export status of that firm equals 1 in that year and if the
export status in t-1 equals 0 (i.e. no exports in in the previous year). The second
is a dummy variable for first-time exporters, which is 1 for the point in time when
the firm starts to export the first time during the sample period, where changes
in the firm’s export status beyond this start are ignored. For both these variables,
firms that export persistently during the sample period are deleted from the
sample, such that export starters are compared with non-exporters.
This type of indicators of export starts has been applied in recent analyses,
for example, by Koenig, Mayneris et al. (2010) who make use of firm-level export
data tabulated over products and destination countries and consider export starts
of products to different destinations. In our empirical context where the
observational unit is firms and their aggregate export status these indicators of
export starts should yet be interpreted with care. Persistent exporters may for
example start to export novel export products and enter new export markets over
time despite their overall export status remaining unchanged. Although
characteristics of the firms’ location may matter for such dynamics, persistent
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exporters will simply be deleted from the analysis by construction of the
indicators of export starts. In the subsequent analyses export starts will just refer
to whether the firm exports or not since we cannot account for the composition
or destination of the firms’ export flows. We will yet consider specifications of
export starts as a test of robustness and sensitivity of the results.

3.3 Variables
How do we empirically measure the potential of export spillovers in a region?
The main spillover variable in this study is based on the number of exporters in
each given functional region and two-digit industry. The basic idea is that in
regions with several other export firms in the same industry, there is richer
information and knowledge about export markets and the practice of exporting.
In line with previous studies, we assume that local export spillovers are primarily
of intra-industry nature (Chevassus-Lozza and Galliano 2003, Greenaway and
Kneller 2008).388 Empirically, we construct our spillover variable by counting the
number of exporters in each two-digit NACE sector and region on a yearly basis,
thus considering export spillovers that are internal to the two-digit industry and
region.389
In order to isolate the effect of the described spillover variable on the
probability of exporting, the empirical model includes several control variables,
both at the firm, region and industry level. Table V-1 presents and defines all
variables in the analysis. Descriptive statistics are presented in Table V-2. Starting
with firm-level controls, the modern theoretical literature on entry costs
associated with export market entry emphasizes that firms are heterogeneous and
that the more efficient ones self-select into an exporting status (Bernard and
Jensen 2004, Wagner 2007). Heterogeneity in firm characteristics may therefore
play an important role in explaining a firm’s export status. Our empirical model
includes six firm-level control variables, assumed to capture heterogeneity across
firms that may influence export behavior. The first is firm size measured by the
number of employees. Size is a standard control often assumed to reflect scale
economies and general internal resources. Human capital is defined as the fraction
of firms’ employees with a university education of at least three years.
A large set of studies indeed finds that export spillovers are strongest within industries.
Greenaway and Kneller (2008), for instance, find that the number of firms within the same
region and industry has the largest impact on likelihood of exporting, while the number of
export firms in a different region and different industry has no statistically significant impact.
389 An issue is that firms exporting in a year t may explain why its neighbors export in
subsequent periods, which implies that the spillover variable could be endogenous. For this
reason, we have estimated all the subsequent models using longer lags of the spillover variable
(two and three years). All the results that we present are robust to using longer time lags of
the spillover variable. The results with longer time lags of the spillover variable are available
from the authors upon request
388
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Table V-1. Variables in the empirical analysis
Variable
Exporters in
region

Previous export
status
Imports

Exp.
sign
Spillover variable (local export spillovers)
Number of exporters in year t in the 2+
digit sector and region where firm i is
located
Definition

Firm-level control variables
Dummy variable which is 1 if the firm
+
exported in t-1, 0 otherwise
Dummy variable which is 1 if the firm has
imports, 0 otherwise

Human capital

+

Fraction of employees with a university
education of at least 3 years
Labor productivity Value-added per employee

+

Physical capital

+

Size
MNE
Corporation

Regional size

Metropolitan
region
Time-invariant
regional
characteristics
Time-invariant
sector effects
Time effects

Accounting value of machinery and
buildings per employee
Number of employees

+

+

Aimed to measure
Potential of local export
spillovers for a firm in the
same 2-digit sector
Export experience (sunk
costs)
Import networks to
foreign markets //
advantages of global
specialization
Absorptive capacity,
knowledge resources
Productivity
Technology, scale
economies
Scale economies, general
internal resources

Dummy variable which is 1 if the firm
+
belongs to MNE, 0 otherwise
Dummy variable which is 1 if the firm
+
belongs to domestic corporation, 0
otherwise
Regional control variables
Total number of employees in the region
+/the firm is located in

Foreign networks,
corporate resources
Networks, corporate
resources

Dummy variable which is 1 if the region
the firm is located in is Stockholm,
Göteborg or Malmö, 0 otherwise
Dummies for each region

+/-

General agglomeration
phenomena // congestion

//

Unobserved regional
heterogeneity

Other controls
Dummies for each two-digit sector

//

Year dummies

//

Unobserved sector
heterogeneity
Business cycle effects

General agglomeration
phenomena // congestion

Note: + denotes that we expect a positive influence, - a negative. // implies no firm expectation. All
firm-level and regional control variables except Previous export status and Metropolitan region are
lagged by one year to avoid reverse causality issues.

This reflects knowledge resources embodied in the firms’ employees and their
absorptive capacity, that is, firms’ capacity to absorb external knowledge, for
instance, from the local milieu (Bartel and Lichtenberg 1987, Cohen and
Levinthal 1990). The model also includes physical capital measured as the value of
machinery and buildings and labor productivity measured as value-added per
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employee, both of which are expected to positively influence the probability of
exporting. Physical capital is a proxy for production technology and scale
economies, and labor productivity is a common productivity measure.
There are several arguments in the literature suggesting that entry costs may
be sunk, which implies that a firm’s previous export status is relevant for current
export decisions.390 Therefore, we include lagged export status (1 if positive exports
in t-1; 0 otherwise). We also include an indicator of each firm’s import status (1 if
the firm has imports, 0 otherwise). Established import networks to foreign
countries may matter for exports for two reasons. The first is that contacts with
suppliers abroad may bring about information and knowledge about export
opportunities in foreign markets (Sjöholm 2003). The second is that imports may
increase firms’ efficiency by taking advantage of global specialization, where the
quality and variety of inputs may differ across origin countries (Amiti and
Konings 2007, Lööf and Andersson 2010).
Table V-2. Descriptive statistics on the variables in the analysis
Variable
Previous export status
Imports
Human capital
ln (Labor productivity)
ln (Physical capital)
ln (Employment)
MNE
Corporation
ln (Local exporters in industry)
ln (Regional size)
Metropolitan region

Mean
0.72
0.65
0.04
3.84
6.19
3.47
0.31
0.32
2.58
10.94
0.26

Std. Dev.
0.44
0.47
0.07
0.40
1.87
1.08
0.46
0.47
1.29
1.47
0.44

Note: The variables are explanatory variables. The spillover variable (number of exporters in region) is
calculated according to the formula ln (1+n), with n indicating the number of exporters in each region in a
given two-digit NACE sector during the sample period. The MNE-variable comprises both Swedish and
Foreign-owned MNEs. The corporation variable contains firms that are part of a Swedish corporation
without foreign subsidiaries. The underlying data are a panel dataset of firms in contract-intensive and noncontract-intensive industries with at least 10 employees over the period 1997-2004

We further control for whether a firm is affiliated to a multinational enterprise
(MNE) or a domestic corporation. Firms that are part of corporations can be
assumed to have better established foreign networks and knowledge capabilities
(Sjöholm 2003), and are as such likely to acquire knowledge and information
about export markets from their ‘parent firm’. In particular, affiliation to an
MNE often implies access to the company group’s established foreign networks
and proprietary knowledge and information inside the MNE (Pfaffermayr and
Bellak 2002).
Baldwin and Krugman (1989), Baldwin (1989), and Dixit (1989) have developed models
that show how sunk costs associated with exports interact with expectations formed in an
uncertain environment. They predict that, due to sunk costs, current foreign market
participation is affected by previous export experience.
390
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Regional control variables include regional size measured in terms of
employees. This variable is intended to capture general agglomeration
phenomena. We also add a metropolitan dummy variable which is one of the region
is either Stockholm, Göteborg or Malmö. The empirical model further includes
two-digit sector dummies and year dummies. Whereas the sector dummies are
intended to capture sector-specific characteristics that may influence the
probability to export, year dummies are supposed to account for business cycle
effects. Pair-wise correlations between all variables are presented in Table A- V-1
in the Appendix.

4 Estimation and Results
4.1 Estimation Strategy
We wish to estimate the influence of the variables in Table 1 on the probability
that a firm is exporting using the model specified in equation (1). The analysis is
based on panel data where firms are observed over the period 1997-2004, and
we employ a panel Probit model with random firm-specific effects. A general
argument for firm-specific effects is that there are more often than not relevant
unobserved firm-specific characteristics, such as managerial skills and
capabilities.
The panel Probit model is given by:
(1)
where

Pr(𝑋𝑖𝑟𝑡 = 1)
= Φ(𝛼 + 𝛌′𝐅𝒊𝒓𝒕−𝟏 + 𝛃′𝐑 𝒊𝒓𝒕−𝟏 + 𝛄′𝐙𝒊𝒓𝒕−𝟏 + c𝑖 + µ𝑖𝑟𝑡−1 )

ci

is a time-invariant firm-specific component and µ𝑖𝑟𝑡−1 a remainder

disturbance (Wooldridge 2002). The ci component of the error term is assumed
to be a random variable with a mean-zero normal distribution.391 As we regress
individual variables on aggregated variables, we cluster standard errors at the
sector and region level in all estimations (Moulton 1990).
The empirical strategy is to estimate model (2) for small and large firms, as
well as for firms in industries with high and low contract intensity. We will also
report results with and without lagged export status, to test if results are sensitive
to its inclusion.392
In the fixed effects model such a distributional assumption is not made, but the fixed effects
model cannot be estimated in a Probit setting due to the incidental parameters problem
(Wooldridge 2002).
392Including a lagged dependent variable in a discrete choice setting brings about initial
conditions problems and issues with correlation between firm-specific effects ci and other
regressors, specifically the lagged dependent variable (Wooldridge 2002). There are no well391
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4.2 Results
We start by presenting results for the whole manufacturing industry and then go
on to the results obtained when doing separate estimations for firms in industries
with high and low contract intensity, respectively. Table V-3 presents the results
for the whole sample, i.e. all firms with at least 10 employees in all manufacturing
industries (NACE 15–36). The results are overall in line with our expectations,
and a first observation is that the coefficient estimates for all variables drop when
we include lagged export status. This illustrates the important role of export
experience for a firm’s current export status. The main variable of interest, i.e.
the spillover variable, is significant and positive, lending support for the
hypothesis that firms located in regions with the local presence of many exporters
benefit from local export spillovers. Conditional on several control variables,
firms in regions with many other exporters are more likely to export. Second, the
control variables have the expected signs: firms who import are more likely to
export, and large firms with more physical capital and high labor productivity are
also more likely to be exporters.
A high fraction of employees with a long university education also increases
the likelihood of exporting, but the variable is insignificant.13 Consistent with
our expectations, firms that are affiliated to MNEs and corporations are more
likely to export as compared to firms with no affiliation to a company group.
Regional size and the dummy variable for metropolitan regions (Stockholm,
Göteborg and Malmö) are negative, which may be interpreted as congestion
effects where exporting manufacturing firms may prefer locations outside
metropolitan regions with lower land prices. An alternative explanation could be
that small firms focus on the home market when the local market is large.
To assess whether local spillovers matter more for small than large firms,
Table V-4 presents the results for small (10–25 employees) and large (>25
employees) firms, respectively. As argued in previous sections, the basic
hypothesis is that local export spillovers are more important for small firms, since
they often have limited internal resources. We find some evidence that is
consistent with this conjecture in that the spillover variables for large firms have
a weaker influence on large than small firms in the specification with lagged
export status. Other than this, we also find that an affiliation to a domestic
corporation does not appear to matter for larger firms (>25 employees) whereas
it does for small firms. This may be interpreted as that belonging to a domestic
corporation does not add much to larger firms, which could be assumed to
possess more substantial internal resources than smaller firms. Moreover,
developed techniques to solve these issues in a panel Probit setting. Instead, we here need
to interpret the results of the model with lagged export status with care and we test
whether results are sensitive to its inclusion. A similar strategy is applied by Ottaviano and
Martincus (2009).
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congestion effects associated with regional size appear to primarily pertain to
small firms.
Table V-3. The probability of exporting explained by firm attributes and
regional characteristics: estimates for all firms with and without lagged
export status
(1)
Excluding lagged export status
Previous export status

(2)
Including lagged export status
1.80***
(0.0872)

Imports

0.782***
(0.0481)

0.595***
(0.0342)

Human capital

0.866
(1.120)

-0.023
(0.4765)

ln (Labor productivity)

0.357***
(0.0524)

0.141***
(0.0357)

ln (Physical capital)

0.152***
(0.0214)

0.079***
(0.0118)

ln (Employment)

0.765***
(0.0507)

0.195***
(0.0292)

MNE

0.688***
(0.0823)

0.339***
(0.0498)

Corporation

0.220***
(0.0591)

0.088***
(0.0282)

ln (Number of local
exporters in industry)

0.309***
(0.0501)

0.081***
(0.0261)

ln (Regional size)

-0.155***
(0.0411)

-0.036**
(0.0165)

Metropolitan region

-0.272**
(0.132)
32,825

-0.050
(0.0534)
32,825

# Observations

Note: The table presents panel probit estimates - equation (2) - with random firm-specific effects and
cluster-robust standard errors at the sector and region level. Year and sector dummies are included. The
variables in Table 3 are explanatory variables and have a one-year lag. The spillover variable (number of
exporters in region) is calculated according to the formula ln (1+n), with n indicating the number of local
exporters within the same industry as firm i in year t. The MNE-variable comprises both Swedish and
Foreign-owned MNEs. The corporation variable contains firms that are part of a Swedish corporation
without foreign subsidiaries. The underlying data are a panel dataset of firms with at least 10 employees
over the period 1997-2004. The dependent variable is a dummy variable displaying 1 if firm i is exporting
in year t, and 0 otherwise. Cluster-robust standard errors in parentheses. *** significant at 1% level, **
significant at 5% level, * significant at 10% level.

We now turn to an assessment of differences between firms in industries with
high and low contract intensity, respectively, employing an industry classification
developed by Nunn (2007).
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Table V-4. The probability of exporting explained by firm attributes and
regional characteristics: estimates for two size-classes of firms with and
without lagged export status
(1)
10-25

(2)
(3)
Firm size class (employment)
>25
10-25

Previous export status

(4)
>25

1.904***
(0.0760)

1.900***
(0.1212)

Imports

0.886***
(0.0591)

0.774***
(0.0897)

0.562***
(0.0375)

0.543***
(0.0556)

Human capital

0.897
(1.1184)

0.962
(1.5712)

0.012
(0.4644)

0.124
(0.5263)

ln (Labor productivity)

0.320***
(0.0646)

0.327***
(0.0884)

0.111***
(0.0379)

0.137***
(0.0518)

ln (Physical capital)

0.140***
(0.0261)

0.227***
(0.0381)

0.058***
(0.0125)

0.092***
(0.0215)

ln (Employment)

0.628***
(0.0905)

0.461***
(0.0866)

0.127***
(0.0471)

0.101**
(0.0444)

MNE

0.523***
(0.1052)

0.814***
(0.1375)

0.187***
(0.0549)

0.379***
(0.0750)

Corporation

0.255***
(0.0804)

0.179*
(0.1044)

0.091***
(0.0329)

0.049
(0.0526)

ln (Number of local
exporters in industry)

0.298***
(0.0642)

0.252***
(0.0733)

0.055**
(0.0277)

0.064*
(0.0344)

ln (Regional size)

-0.224***
(0.0488)

0.021
(0.0598)

-0.048***
(0.0176)

0.030
(0.0271)

Metropolitan region

-0.228
(0.1468)
16,689

-0.164
(0.2022)
16,136

-0.035
(0.0532)
16,689

-0.041
(0.0818)
16,136

# Observations

Note: The table presents panel probit estimates - equation (2) - with random firm-specific effects and
cluster-robust standard errors at the sector and region level. Year and sector dummies are included. The
variables in Table 4 are explanatory variables and have a one-year lag. The spillover variable (number of
exporters in region) is calculated according to the formula ln (1+n), with n indicating the number of local
exporters within the same industry as firm i in year t. The MNE-variable comprises both Swedish and
Foreign-owned MNEs. The corporation variable contains firms that are part of a Swedish corporation
without foreign subsidiaries. The underlying data are a panel dataset of small and large firms in with at least
10 employees over the period 1997-2004. The dependent variable is a dummy variable which is 1 if a firm i
is exporting in period t, and 0 otherwise. 10-25 refers to small firms with 10-25 employees, and >25 to large
firms with more than 25 employees. Cluster-robust standard errors in parentheses.*** significant at 1%
level, ** significant at 5% level, * significant at 10% level

Low contract-intensive industries are defined as two-digit NACE industries with
an index value of contract intensity below the median, and high contractintensive industries as two-digit NACE industries with an index value of contract
intensity above the median.393
393Nunn’s

(2007) index of contract intensity is based on the importance of relationship-specific
investments, measured as the fraction of products that are not sold on organized exchange
and not referenced priced, following Rauch’s (1999) classification of differentiated products.
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Table V-5 presents the results for all firms for manufacturing industries with
high and low contract intensity, respectively. For each type of industry we
perform regressions with and without lagged export status. As in the previous
tables, the estimator is a panel Probit model with firm-specific random effects
and clustered standard errors at the industry-region level. Our basic hypothesis
is that local export spillovers are more important in industries with high contract
intensity.
We find support for the hypothesis: in industries with high contract intensity,
the spillover variable is positive and significant in both specifications, i.e. with
and without lagged export status. For industries with low contract intensity, the
spillover coefficient is only significant at the 0.1 level in the specification without
lagged export status. This lends support for the hypothesis that local export
spillovers are more important in industries with high contract intensity.
The control variables have the expected signs, and there are no major
differences as regards their influence on the probability of exporting between the
different types of industries. The only exceptions are that human capital is
insignificant in industries with high contract intensity, and that regional size is
negative and significant for the industries with low contract intensity. The
insignificance of the human capital variable for industries with high contract
intensity may be interpreted as meaning that these industries in general comprise
more advanced manufacturing industries (such as aircraft, electronics and
computers) where many firms have a relatively high fraction of human capital,
such that the marginal effect of more human capital is low. The negative
coefficient estimate for regional size in industries with low contract intensity may
be explained by that interaction and face-to-face contacts are less important in
these industries, implying lesser advantages of a location in dense regions and
higher sensitivity to congestion effects
Table V-6 and Table V-7 test for differences between small and large firms
within industries with high and low contract intensity, respectively. Table V-6
shows the results for small and large firms in industries with high contract
intensity, and Table V-7 presents results for small and large firms in industries
with low contract intensity. The purpose of these tables is to test if local export
spillovers matter more for small firms in the different industries. The model
remains the same, and the estimator is a panel Probit model with firm-specific
random effects and clustered standard errors at the industry-region level. The
results from Table V-6 and Table V-7 are in line with the previous ones, where
the impact of employment size, imports and affiliation to a MNE are robust
across specifications.

There are two alternative indexes, rs1 and rs2, where the second employs a weaker definition
of relation-specific investments. The results presented in the sequel are based on the rs1 index,
but we get the same results with the rs2 index as well. These robustness results are available
from the authors upon request. The original industry classification developed by Nunn (2007)
Nunn (2007) is available at: http://www.economics.harvard.edu/faculty/nunn/data_nunn.
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Table V-5. The probability of exporting explained by firm attributes and
regional characteristics: estimates for firms in contract-intensive and
non-contract-intensive industries with and without lagged export status
(1)

(2)

(3)

(4)

Low

Low

Contract intensity in industries
High

High

Previous export status

1.362***
(0.2204)

1.992***
(0.0855)

Imports

0.921***
(0.1412)

0.808***
(0.1031)

0.783***
(0.0934)

0.530***
(0.0528)

Human capital

2.017
(1.3251)
0.181
(0.1302)

1.042
(0.6761)
0.044
(0.0869)

2.819**
(1.1674)
0.285**
(0.1117)

1.128**
(0.5177)
0.074
(0.0655)

ln (Physical capital)

0.109**
(0.0549)

0.067*
(0.0379)

0.287***
(0.0525)

0.101***
(0.0199)

ln (Employment)

0.680***
(0.1288)

0.301***
(0.0872)

0.921***
(0.1170)

0.223***
(0.0512)

MNE

1.126***
(0.2258)

0.697***
(0.1662)

0.601***
(0.2067)

0.198**
(0.0907)

Corporation

0.300*
(0.1542)

0.153*
(0.0910)

0.478***
(0.1218)

0.113**
(0.0441)

ln (Number of local
exporters in industry)

0.323***
(0.1098)

0.175**
(0.0705)

0.164*
(0.0862)

0.013
(0.0347)

ln (Regional size)

-0.117
(0.1190)

-0.068
(0.0566)

-0.275***
(0.0653)

-0.064***
(0.0239)

Metropolitan region

-0.354
(0.3711)
4,515

-0.157
(0.2042)
4,515

0.358
(0.2296)
7,340

0.176**
(0.0848)
7,340

ln (Labor productivity)

# Observations

Note: The table presents panel probit estimates - equation (2) - with random firm-specific effects and clusterrobust standard errors at the sector and region level. Year and sector dummies are included. The variables
in Table 5 are explanatory variables and have a one-year lag. The spillover variable (number of exporters in
region) is calculated according to the formula ln (1+n), with n indicating the number of local exporters within
the same industry as firm i in year t. The MNE-variable comprises both Swedish and Foreign-owned MNEs.
The corporation variable contains firms that are part of a Swedish corporation without foreign subsidiaries.
The underlying data are a panel dataset of firms in contract-intensive and non-contract-intensive industries
with at least 10 employees over the period 1997-2004. The dependent variable is a dummy variable which is
1 if a firm i is exporting in period t, and 0 otherwise. Cluster-robust standard errors in parentheses.***
significant at 1% level, ** significant at 5% level, * significant at 10% level

We again find that an affiliation to a corporation is only significant for smaller
firms (10–25 employees). With regard to the variable of main interest, i.e. the
spillover variable, we find that it is significant and positive only for small firms
for industries with high contract intensity, but it is only weakly significant for
small firms when we include lagged export status (see Table V-6 ). For large firms,
the estimated parameter is positive but statistically insignificant.
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Table V-6. The probability of exporting explained by firm attributes and
regional characteristics: Estimates for two size-classes of firms in
contract-intensive industries with and without lagged export status
(1)

(2)

(3)

(4)

10-25

>25

1.745***
(0.1238)

1.052**
(0.4172)

Firm size class (employment)
10-25

>25

Previous export status
Imports

0.970***
(0.1857)

1.197***
(0.3188)

0.729***
(0.1041)

0.957***
(0.2373)

Human capital

1.164
(1.3757)
0.170
(0.1497)

7.423***
(2.4796)
-0.005
(0.3273)

0.077
(0.6961)
0.002
(0.0834)

4.488**
(1.8683)
0.013
(0.2397)

ln (Physical capital)

0.078
(0.0659)

0.169
(0.1033)

0.0686**
(0.0319)

0.082
(0.0746)

ln (Employment)

0.475**
(0.2258)

0.762**
(0.3177)

0.002
(0.1228)

0.468**
(0.2255)

MNE

0.818***
(0.3020)

1.403***
(0.3351)

0.317*
(0.1786)

0.995***
(0.2914)

Corporation

0.308
(0.2037)

0.418
(0.2704)

0.086
(0.0864)

0.294
(0.1908)

ln (Number of local
exporters in industry)

0.397***
(0.1412)

0.247
(0.1716)

0.123*
(0.0713)

0.153
(0.1158)

ln (Regional size)

-0.232*
(0.1180)

0.073
(0.2049)

-0.086
(0.0576)

0.016
(0.1133)

Metropolitan region

-0.347
(0.4519)
1,898

-0.282
(0.5291)
2,617

-0.080
(0.1991)
1,898

-0.107
(0.3643)
2,617

ln (Labor productivity)

# Observations

Note: The table presents panel probit estimates - equation (2) - with random firm-specific effects and clusterrobust standard errors at the sector and region level. Year and sector dummies are included. The variables
in Table 7 are explanatory variables and have a one-year lag. The spillover variable (number of exporters in
region) is calculated according to the formula ln (1+n), with n indicating the number of local exporters within
the same industry as firm i in year t. The MNE-variable comprises both Swedish and Foreign-owned MNEs.
The corporation variable contains firms that are part of a Swedish corporation without foreign subsidiaries.
The underlying data are a panel dataset of small and large firms in non-contract-intensive industries with at
least 10 employees over the period 1997-2004. The dependent variable is a dummy variable which is 1 if a
firm i is exporting in period t, and 0 otherwise. 10-25 refers to small firms with 10-25 employees, and >25 to
large firms with more than 25 employees. Cluster-robust standard errors in parentheses. *** significant at 1%
level, ** significant at 5% level, * significant at 10% level.

A similar pattern is obtained for industries with low contract intensity. The
spillover is significant for small firms without lagged export status, but is
insignificant when lagged export status is included. We interpret this as an
indication that local export spillovers matter more for small firms in both types
of industries.
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Table V-7. The probability of exporting explained by firm attributes and
regional characteristics: Estimates for two size-classes of firms in noncontract-intensive industries with and without lagged export status
(1)

(2)

(3)

(4)

10-25
1.946***
(0.0935)
0.621***
(0.0639)
1.109**
(0.5145)
0.075
(0.0749)
0.095***
(0.0235)
0.060
(0.1028)
0.175
(0.1315)
0.119**
(0.0546)

>25
2.022***
(0.1677)
0.420***
(0.0976)
2.608*
(1.4236)
0.012
(0.1097)
0.105**
(0.0435)
0.206**
(0.0882)
0.237*
(0.1470)
0.099
(0.0931)

Firm size class (employment)
10-25

>25

1.027***
(0.1253)
3.187**
(1.3425)
0.179
(0.1558)
0.297***
(0.0699)
0.466**
(0.2185)
0.663**
(0.2825)
0.455***
(0.1396)

0.634***
(0.1603)
4.287
(2.6382)
0.322*
(0.1843)
0.383***
(0.1124)
0.744***
(0.2058)
0.599**
(0.3029)
0.540**
(0.2209)

Previous export status
Imports
Human capital
ln (Labor productivity)
ln (Physical capital)
ln (Employment)
MNE
Corporation
ln (Number of local
exporters in industry)
ln (Regional size)
Metropolitan region
# Observations

0.262***

-0.058

0.057

-0.060

(0.0956)
-0.369**
(0.0803)
0.359
(0.2775)
3,849

(0.1392)
-0.031
(0.1147)
0.475
(0.3929)
3,491

(0.0380)
-0.100***
(0.0278)
0.143***
(0.0971)
3,849

(0.0543)
-0.009
(0.0589)
0.260
(0.1751)
3,491

Note: The table presents panel probit estimates - equation (2) - with random firm-specific effects and clusterrobust standard errors at the sector and region level. Year and sector dummies are included. The variables
in Table 7 are explanatory variables and have a one-year lag. The spillover variable (number of exporters in
region) is calculated according to the formula ln (1+n), with n indicating the number of local exporters within
the same industry as firm i in year t. The MNE-variable comprises both Swedish and Foreign-owned MNEs.
The corporation variable contains firms that are part of a Swedish corporation without foreign subsidiaries.
The underlying data are a panel dataset of small and large firms in non-contract-intensive industries with at
least 10 employees over the period 1997-2004. The dependent variable is a dummy variable which is 1 if a
firm i is exporting in period t, and 0 otherwise. 10-25 refers to small firms with 10-25 employees, and >25 to
large firms with more than 25 employees. Cluster-robust standard errors in parentheses. *** significant at 1%
level, ** significant at 5% level, * significant at 10% level.

As a robustness and sensitivity check of the findings in the above regression
tables, we also estimate the same models with two different dependent variables,
that is, multiple export starts and first-time exporters (see Section 3.2). The
results of these estimations are presented in the Appendix in Table A- V-2 to
Table A- V-6. The overall conclusion from these tables is that the empirical
support for local export spillovers is reduced when we split the data by industries
and size-classes of firms. The spillover variable is statistically significant for both
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multiple starts and first-time exporters in the specification which includes all
firms in all industries (Table A- V-2). In all other specifications it is, however,
insignificant. One explanation for this is that the estimations for different
industries and size-classes are based on very few firm-year observations, where
firms that export persistently are dropped from the sample.394 As argued
previously, analyses of export starts are better suited for analyses with detailed
data comprising both products and destinations, as in Koenig, Mayneris et al.
(2010), which may include export dynamics by persistent exporters as well. Local
export spillover may matter for established exporters’ decision to export new
products and/or enter new markets, but we cannot capture this with data in this
analysis.

5 Conclusions
The present paper focused on testing the empirical relevance of the local export
spillover hypothesis. This hypothesis suggests a link between internal geography
and external trade in that the local presence of export firms is assumed to reduce
entry cost for local firms, increasing the probability that they export. Using a
firm-level dataset and controlling for an extensive set of firm attributes and other
characteristics that may influence export behavior, we find support for the export
spillover conjecture; firms located in regions with a stronger presence of
exporters in the same industry are more likely to be exporters. We also find that
local export spillovers are more important in contract-intensive industries. These
are industries in which knowledge of foreign markets in terms of negotiation
practices, contract enforcement and informal as well as formal institutions are
likely to be more important, and it is such knowledge that is likely to spillover to
local firms. Moreover, we find some support for the view that small firms are
particular beneficiaries of local export spillovers
In summary, we conclude that the results are consistent with the hypothesis
that the local presence of exporters reduces entry costs for other local firms, and
that such spillovers appear to be more important for contract-intensive industries
and small firms. Characteristics of the local environment in which firms operate
influence export behavior, but this influence is not uniform across industries and
firms. Also, our results for different industries and size-classes of firms turned
out to be sensitive to our alternative export indicators measures, multiple and
first-time export starts. As argued in more detail in the paper, export starts are
difficult to interpret in our empirical context with information available about
firms’ aggregate export status. Further analyses of local export spillovers would
certainly benefit from more detailed export data able to better capture the export
dynamics of persistent exporters
394

For instance, Table A- V-5 is based on just a couple of hundred firm-year observations.
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The analysis in this paper may be extended in several ways. For instance, the
paper did not attempt to distinguish between market and non-market
interactions. Another avenue would be to use more detailed data regarding firms’
decision to start to export new products and novel markets. Such data provide
opportunities to conduct finer analyses of the scope of spillovers, for instance
assessing whether they are product- and destination-specific.395 Another
improvement of the paper would be to further refine the local export spillover
variable. First, and more generally, one could define spillover variables at
different levels of aggregation (e.g. municipality level, county level) as robustness
check to be sure that local spillovers take place on a limited space and not on
higher dimension spaces (Koenig, Mayneris et al. 2010). Second, and related to
that, to verify robustness with regard to the finding of local intra-industry export
spillovers, one could define intra-industry spillover variables at the 3- or 4-digit
industry level. So far, we find spillovers within the 2-digit industry level. One risk
with this rather aggregated level is that it might capture other type of spillovers
related to buyer-supplier relationships (i.e. automobile assemblers versus auto
part suppliers) rather than pure export knowledge and information spillovers at
the local level (Kneller and Pisu 2007).
A third improvement would be to better account for the fact that some
industries/regions have unobserved characteristics attracting firms and affecting
firms’ export behavior, respectively. We have accounted for these characteristics
by specifying fixed region and industry effects. Yet, these effects may not
necessarily be fixed but dynamic. Using industry-time and region-time dummies
could be a way of capturing such dynamics which, for example, may materialize
in the form of offshoring trends that kick in during sample period. Fourth and
finally, firm-fixed effects would be desirable in my estimation given that firm
heterogeneity is a major issue in explaining export market participation. To avoid
the incidental parameter problem, one could use the linear regression model
instead of the probit model.396

I have work-in-progress aiming to analyze whether local export spillovers are destinationspecific and whether the spillover magnitude is positively related to the cultural and
institutional distance between Sweden and the respective export market. There is reason to
assume that information, negotiation and enforcement costs are an increasing function of the
distance between the exporting and the importing country (see Part 1, Section 4.1). Hence,
this may make a case for the increased importance of local export spillovers in reducing these
costs.
396 I thank José Luis Groizard from the Department of Applied Economics at the University of
the Balearic Islands (UAB) for making the latter two suggestions during my research seminar
at UAB on February 14, 2014.
395
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1
0.5487
0.1265
0.1791
0.3174
0.3331
0.2939
-0.0362
-0.0163
-0.0393
-0.0300

1
0.7677

0.5251
0.1216
0.1793

0.3149
0.3273
0.2897
-0.0344
-0.0172

-0.0373
-0.0283

Previous<
export status

-0.0048
0.0056

0.3230
0.3947
0.3443
-0.0654
-0.0611

1
0.1840
0.1902

Imports

0.2349
0.2448

0.1025
0.2009
0.2512
-0.0909
0.1301

1
0.2166

Human
capital

0.0647
0.0534

0.3578
0.1913
0.2399
-0.0400
0.0620

1

Labor
productivity

-0.1186
-0.1468

1
0.7367
0.4046
-0.0955
-0.1179

Physical
capital

-0.0177
-0.0308

1
0.5333
-0.1117
-0.0824

Employment

0.0123
0.0092

1
-0.4476
-0.0233

MNE

-0.0245
-0.0308

1
-0.0003

Corporation

0.6004
0.5680

1

Local
exporters in
sector

1
0.7341

Regional
size

1

Metropolitan
region

Note: The explanatory variables have a one-year lag and are logged if applicable (see Table 1). The spillover variable (No. of local exporters in industry) is calculated according to the
formula ln (1+n), with n indicating the number of exporters in each region in a given two-digit NACE sector. The MNE-variable comprises both Swedish and Foreign-owned MNEs. The
corporation variable contains firms that are part of a Swedish corporation without foreign subsidiaries. The underlying data are a panel dataset of firms in contract-intensive and noncontract-intensive industries with at least 10 employees over the period 1997-2004.

Export status
Previous
export status
Imports
Human capital
Labor
productivity
Physical capital
Employment
MNE
Corporation
Local
exporters in
sector
Regional size
Metropolitan
region

Export
status

Table A- V-1. Pair-wise correlations between the variables in the empirical analysis
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Table A- V-2. The probability of exporting explained by firm attributes
and regional characteristics: estimates for all firms using the robustness
measures (I) and (II) as dependent variable
(1)

(2)

Dependent variable robustness measure
(I) Multiple export starts
0.472***
(0.0491)
-0.561
(0.7699)
0.157**
(0.0644)

(II) First-time export start only
0.574***
(0.0685)
-0.492
(1.1688)
0.199**
(0.0946)

ln (Physical capital)

0.094***
(0.0183)

0.117***
(0.0270)

ln (Employment)

0.131***
(0.0484)

0.330***
(0.0809)

MNE

0.204**
(0.0939)

0.234*
(0.1378)

Corporation

0.064
(0.0517)

0.078
(0.0730)

ln (Number of local
exporters in industry)

0.067**
(0.0290)

0.114**
(0.0470)

ln (Regional size)

-0.032
(0.0257)

-0.021
(0.0419)

Metropolitan region

-0.019
(0.0873)
8,638

-0.115
(0.1483)
7,269

Imports
Human capital
ln (Labor productivity)

# Observations

Note: The table presents panel probit estimates - equation (2) - with random firm-specific effects and clusterrobust standard errors at the sector and region level. The variables in Table 3 are explanatory variables and
have a one-year lag. The lagged export status-variable is omitted due to the way the robustness measures for
the dependent variable are constructed (see above). The spillover variable (number of exporters in region i)
is calculated according to the formula ln (1+n), with n indicating the number of local exporters within the same
industry as firm i in year t. The MNE-variable comprises both Swedish and Foreign-owned MNEs. The
corporation variable contains firms that are part of a Swedish corporation without foreign subsidiaries. The
underlying data are a panel dataset of firms with at least 10 employees over the period 1997-2004. The
dependent variable is a dummy variable displaying 1 if firm i is exporting in year t, and 0 otherwise. Clusterrobust standard errors in parentheses. *** significant at 1% level, ** significant at 5% level, * significant at 10%
level
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Table A- V-3. The probability of exporting explained by firm attributes
and regional characteristics: estimates for two size-classes of firms using
the robustness measures (I) and (II) as dependent variable
(1)

(2)

(3)

(4)

Dependent variable robustness measure
(I) Multiple export starts

(II) First-time export start only

Firm size class (employment)
10-25

>25

10-25

>25

Imports

0.543***
(0.0573)

0.334***
(0.0828)

0.645***
(0.0772)

0.379***
(0.1217)

Human capital

-0.387
(0.9138)

-0.911
(0.9626)

-0.340
(1.2288)

-0.747
(1.2444)

ln (Labor productivity)

0.165**
(0.0727)

0.218
(0.1684)

0.180*
(0.0952)

0.311
(0.2743)

ln (Physical capital)

0.078***
(0.0227)

0.134***
(0.0404)

0.090***
(0.0305)

0.182***
(0.0574)

ln (Employment)

0.156**
(0.0784)

0.224**
(0.0969)

0.272**
(0.1083)

0.468***
(0.1540)

MNE

0.255**
(0.1117)

0.044
(0.1501)

0.291**
(0.1469)

0.011
(0.2348)

Corporation

0.068
(0.0645)

0.004
(0.1017)

0.077
(0.0804)

0.004
(0.1444)

ln (Number of local
exporters in industry)

0.033
(0.0371)

0.059
(0.0654)

0.047
(0.0488)

0.121
(0.1196)

ln (Regional size)

-0.036
(0.0344)

0.036
(0.0646)

-0.009
(0.0455)

0.004
(0.0990)

Metropolitan region

-0.015
(0.0993)
6,712

-0.099
(0.1893)
1,926

-0.089
(0.1452)
5,718

-0.102
(0.3085)
1,551

# observations

Note: The table presents panel probit estimates - equation (2) - with random firm-specific effects and
cluster-robust standard errors at the sector and region level. The variables in Table 4 are explanatory
variables and have a one-year lag. The lagged export status-variable is omitted due to the way the robustness
measures for the dependent variable are constructed (see above). The spillover variable (number of
exporters in region) is calculated according to the formula ln (1+n), with n indicating the number of local
exporters within the same industry as firm i in year t. The MNE-variable comprises both Swedish and
Foreign-owned MNEs. The corporation variable contains firms that are part of a Swedish corporation
without foreign subsidiaries. The underlying data are a panel dataset of small and large firms in with at least
10 employees over the period 1997-2004. The dependent variable is a dummy variable which is 1 if a firm
i is exporting in period t, and 0 otherwise. 10-25 refers to small firms with 10-25 employees, and >25 to
large firms with more than 25 employees. Cluster-robust standard errors in parentheses.*** significant at
1% level, ** significant at 5% level, * significant at 10% level.
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Table A- V-4. The probability of exporting explained by firm attributes
and regional characteristics: estimates for firms in contract-intensive
and non-contract-intensive industries using the robustness measures (I)
and (II) as dependent variable
(1)

(2)

(3)

(4)

Dependent variable robustness measure
(I) Multiple export starts

(II) First-time export start only

Contract intensity in industries
High

Low

High

Low

Imports

0.641***
(0.1682)

0.495***
(0.0993)

0.683***
(0.2473)

0.660***
(0.1360)

Human capital

0.387
(1.3491)
0.538***
(0.2030)

1.553**
(0.6641)
0.198
(0.1226)

0.265
(1.6110)
0.672**
(0.3382)

3.678***
(1.3360)
0.199
(0.1608)

ln (Physical capital)

0.013
(0.0603)

0.142***
(0.0403)

0.026
(0.0770)

0.185***
(0.0617)

ln (Employment)

0.135
(0.1478)

0.263***
(0.0945)

0.320
(0.3310)

0.429***
(0.1391)

MNE

0.789**
(0.3471)

0.230
(0.1712)

0.790
(0.5156)

0.343
(0.2563)

Corporation

0.075
(0.1806)

0.096
(0.0942)

0.099
(0.2479)

0.199
(0.1465)

ln (Number of local
exporters in industry)

-0.075
(0.1463)

0.033
(0.0616)

-0.296
(0.2461)

0.127
(0.1126)

ln (Regional size)

0.0194
(0.0893)

-0.080
(0.0598)

0.169
(0.1488)

-0.128
(0.0898)

Metropolitan region

0.097
(0.2986)
721

0.070
(0.1976)
2,699

0.409
(0.5823)
557

0.009
(0.2830)
2,361

ln (Labor productivity)

# observations

Note: The table presents panel probit estimates - equation (2) - with random firm-specific effects and clusterrobust standard errors at the sector and region level. The variables in Table 5 are explanatory variables and
have a one-year lag. The lagged export status-variable is omitted due to the way the robustness measures for
the dependent variable are constructed (see above). The spillover variable (number of exporters in region) is
calculated according to the formula ln (1+n), with n indicating the number of local exporters within the same
industry as firm i in year t. The MNE-variable comprises both Swedish and Foreign-owned MNEs. The
corporation variable contains firms that are part of a Swedish corporation without foreign subsidiaries. The
underlying data are a panel dataset of firms in contract-intensive and non-contract-intensive industries with
at least 10 employees over the period 1997-2004. The dependent variable is a dummy variable which is 1 if a
firm i is exporting in period t, and 0 otherwise. Cluster-robust standard errors in parentheses.*** significant
at 1% level, ** significant at 5% level, * significant at 10% level
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Table A- V-5. The probability of exporting explained by firm attributes
and regional characteristics: estimates for two size-classes of firms in
contract-intensive industries using the robustness measures (I) and (II)
as dependent variable
(1)

(2)

(3)

(4)

Dependent variable robustness measure
(I) Multiple export starts

(II) First-time export start only

Firm size class (employment)
10-25

>25

10-25

>25

Imports

0.569***
(0.1928)

1.145**
(0.5259)

0.572**
(0.2320)

4.690
(5.7436)

Human capital

-0.036
(1.5559)

3.094
(3.2034)

-0.004
(1.5337)

16.699
(45.1046)

ln (Labor productivity)

0.523***
(0.1911)

0.423
(0.8350)

0.442*
(0.2461)

3.461
(4.5964)

ln (Physical capital)

0.025
(0.0691)

0.010
(0.1451)

0.073
(0.0883)

0.053
(0.7406)

ln (Employment)

-0.144
(0.2572)

0.637
(1.2212)

-0.087
(0.2953)

1.960
(6.4360)

MNE

0.632
(0.5505)

1.541*
(0.8704)

0.366
(0.6971)

5.3165
(5.9973)

Corporation

-0.113
(0.2101)

0.497
(0.5366)

-0.035
(0.2318)

1.192
(2.3495)

ln (Number of local
exporters in industry)

-0.125
(0.1440)

0.018
(0.4934)

-0.310
(0.1946)

-1.323
(2.9743)

ln (Regional size)

0.094
(0.0968)

-0.350
(0.4503)

0.180
(0.1513)

0.741
(2.2709)

Metropolitan region

-0.064
(0.3177)
538

1.060
(1.6266)
183

0.284
(0.5001)
427

1.429
(7.2615)
130

# observations

Note: The table presents panel probit estimates - equation (2) - with random firm-specific effects and
cluster-robust standard errors at the sector and region level. The variables in Table 6 are explanatory
variables and have a one-year lag. The lagged export status-variable is omitted due to the way the robustness
measures for the dependent variable are constructed (see above). The spillover variable (number of
exporters in region) is calculated according to the formula ln (1+n), with n indicating the number of local
exporters within the same industry as firm i in year t. The MNE-variable comprises both Swedish and
Foreign-owned MNEs. The corporation variable contains firms that are part of a Swedish corporation
without foreign subsidiaries. The underlying data are a panel dataset of small and large firms in contractintensive industries with at least 10 employees over the period 1997-2004. The dependent variable is a
dummy variable which is 1 if a firm i is exporting in period t, and 0 otherwise. 10-25 refers to small firms
with 10-25 employees, and >25 to large firms with more than 25 employees. Cluster-robust standard errors
in parentheses. *** significant at 1% level, ** significant at 5% level, * significant at 10% level.
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Table A- V-6. The probability of exporting explained by firm attributes
and regional characteristics: estimates for two size-classes of firms in
non-contract-intensive industries using the robustness measures (I) and
(II) as dependent variable
(1)

(2)

(3)

(4)

Dependent variable robustness measure
(I) Multiple export starts

(II) First-time export start only

Firm size class (employment)
10-25

>25

10-25

>25

Imports

0.568***
(0.1363)

0.430***
(0.1550)

0.768***
(0.2071)

0.435**
(0.1901)

Human capital

1.605**
(0.7107)

1.796
(2.8649)

3.866**
(1.7444)

3.714
(3.5319)

ln (Labor productivity)

0.158
(0.1447)

0.2775
(0.2710)

0.305
(0.2293)

0.068
(0.3326)

ln (Physical capital)

0.145***
(0.0454)

0.0693
(0.0948)

0.170**
(0.0800)

0.177
(0.1208)

ln (Employment)

0.040
(0.1813)

0.494*
(0.2581)

0.098
(0.2338)

0.568**
(0.2768)

MNE

0.439**
(0.2153)

-0.010
(0.2682)

0.688**
(0.3164)

-0.194
(0.3122)

Corporation

0.160
(0.1181)

-0.161
(0.1954)

0.282
(0.1773)

-0.209
(0.2374)

ln (Number of local
exporters in industry)

0.085
(0.0770)

-0.035
(0.1752)

0.155
(0.1265)

0.069
(0.2293)

ln (Regional size)

-0.124*
(0.0704)

0.031
(0.1739)

-0.131
(0.1027)

-0.104
(0.1952)

Metropolitan region

0.0588
(0.2254)
2,128

-0.195
(0.4260)
571

-0.060
(0.3154)
1,888

0.010
(0.5145)
473

# observations

Note: The table presents panel probit estimates - equation (2) - with random firm-specific effects and
cluster-robust standard errors at the sector and region level. The variables in Table 7 are explanatory
variables and have a one-year lag. The lagged export status-variable is omitted due to the way the
robustness measures for the dependent variable are constructed (see above). The spillover variable
(number of exporters in region) is calculated according to the formula ln (1+n), with n indicating the
number of local exporters within the same industry as firm i in year t. The MNE-variable comprises both
Swedish and Foreign-owned MNEs. The corporation variable contains firms that are part of a Swedish
corporation without foreign subsidiaries. The underlying data are a panel dataset of small and large firms
in non-contract-intensive industries with at least 10 employees over the period 1997-2004. The dependent
variable is a dummy variable which is 1 if a firm i is exporting in period t, and 0 otherwise. 10-25 refers to
small firms with 10-25 employees, and >25 to large firms with more than 25 employees. Cluster-robust
standard errors in parentheses. *** significant at 1% level, ** significant at 5% level, * significant at 10%
level.
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