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Abstract

Governments are increasingly relying on environmental policies
predicated on the assumption that the mere threat of regulation will
entice companies to reduce their toxic emissions. This paper makes
an attempt at identifying the effect of regulatory threat theoretically
and empirically. The key to identifying regulatory threat’s effect on
the environment is to condition firms’ response on their characteris-
tics, namely, their environmental exposure that combines the effect of
firm size, emission intensity, pollutant toxicity, and population at risk,
and their abatement ladder rung that determines whether individual
firms will participate in pollution abatement. Using 1993-99 data from
the Canadian National Pollutant Release Inventory (NPRI), empirical
analysis establishes that the theoretical predictions help identify sta-
tistically significant effects of regulatory threat that are, however, very
small in magnitude. Green regulatory threat does not appear to be an
effective instrument in Canada.
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1 Introduction

‘Green’ regulatory threat has become an important avenue for governments
through which they pursue preemptive compliance with environmental
standards without having to actually implement and monitor such stan-
dards. If threats lead to sufficient reductions in emissions, they may save
considerable implementation and monitoring costs. However, green regu-
latory threat can only induce emission reductions when firms find the threat
credible and do not free-ride on other firms’ abatement effort.

This paper is an attempt to model regulatory threat theoretically, and to
identify its effect empirically by utilizing Canadian plant-level data on pol-
lutant emissions between 1993 and 1999. Distinguishing between the effects
from regulatory threat and the effects from other types of ‘voluntary’ abate-
ment efforts is a key issue tackled in this paper. The tool through which
this is accomplished is to condition firms’ environmental responses on their
characteristics.

The nature of threats is usually such that they consist of a desired ef-
fort and a threatened sanction. For a threat to be effective, the expected
present-discounted cost of the consequences must exceed the cost of the de-
sired effort. In the context of green regulatory threat, a firm must make
sufficient progress towards an environmental objective to avoid being sanc-
tioned through regulatory intervention (e.g., an environmental standard or
an emission tax). To induce the desired emission reductions, firms must be
compensated through a lower probability of a regulatory intervention.

In addition to regulatory threat, there are other mechanisms that induce
firms to reduce emissions without government intervention. One impor-
tant such mechanism is green consumerism. Theoretical papers such as
Arora and Gangopadhyay (1995) have hinted at the possibility that firms
may overcomply with emission standards if they are subject to green con-
sumerism and oligopolistic markets. In a recent paper (Antweiler and
Harrison, 2003) we have explored the empirical relevance of green con-
sumerism by conditioning a firm’s emission level on firm characteristics
that can be linked to green consumerism. Based on predictions derived
from a theoretical model, our empirical work found that environmentally-
leveraged firms that are exposed to consumer markets have lower emis-
sions, and are reducing emissions faster. For sectorally-diversified firms,
the notion of “environmental leverage” captures a negative correlation be-
tween the intra-firm revenue share of a plant and its emission share. A firm
is considered environmentally leveraged when a small unit with an above-
average pollution intensity is “leveraging” a large unit with below-average
pollution intensity. When consumers lack the ability to target individual
units of a firm, firms that are environmentally leveraged will respond more
intensely to green consumerism.

In this new paper I am interested in identifying the effect of regulatory
threat, and again it is necessary to condition a firm’s abatement effort on
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characteristics that can be linked to regulatory threat. Governments care
about the environmental exposure of firms, three firm characteristics deter-
mine their abatement effort: (1) the volume of emissions (which combines
output size with pollution intensity); (2) the toxicity of emissions; and (3)
the extent to which these emissions put population at risk (which is deter-
mined by the firm’s location and the size of the population in the surround-
ing area). These firm characteristics alone are not sufficient to determine a
firm’s response to regulatory threat. Firms’ abatement effort is also condi-
tioned on whether they meet participation and incentive constraints deter-
mined by their unabated pollution intensity and unit abatement cost. Then
firms’ position relative to other firms—their rung on the abatement ladder—
determines their participation in abatement activity.

The model will show that a combination of a firm’s environmental expo-
sure and abatement ladder rung provide a suitable basis for backing out the
effect of regulatory threat empirically. This new paper also provides a rig-
orous theoretical basis for the prima facie observations discussed in Harrison
and Antweiler (2001). There we found only scant evidence for the effect of
regulatory threat by looking at differential responses between firms subject
to different types of scheduled or threatened regulation under the Canadian
Environmental Protection Act (CEPA).

Green regulatory threat is one form of induced (‘voluntary’) industry
self-regulation. It is by no means the only such form. The recent liter-
ature has increasingly focused on public voluntary agreements (PVA) in
which firms commit to specific (environmental) targets and are supported
by governments through a subsidy, but where membership in a PVA is not
mandatory.1 Wu and Babcock (1999) consider the efficiency of PVAs rela-
tive to explicit regulation, stating conditions under which PVAs are more
advantageous. However, when Lyon and Maxwell (2002) compare the ef-
ficiency of PVAs and regulatory threat, they find that PVAs are not always
welfare-enhancing. Segerson and Miceli (1998) compare the effectiveness
of regulatory threat (the “stick approach”) relative to cost-sharing subsidies
(the “carrot approach”) for inducing participation in PVAs. Their results
indicate that a multitude of factors play a role (notably the allocation of bar-
gaining power), and that the environmental outcome is ambiguous.

Green regulatory threat may also contribute to lower emissions by in-
ducing firms to invest in innovation. Cadot and Sinclair-Desgagné (1995)
provide a theoretical analysis where firms and governments bargain over
the time for adopting stricter environmental standards. Firms argue that
they require time to innovate environmental technology in order to comply
with future standards. Imposing a standard at once may be suboptimal,
and regulatory threat may provide an adequate incentive scheme to ensure
firms’ environmental innovation.

1The subsidy is often not pecuniary. PVAs also differ in intensity; some take the form of
legally binding contracts, while others are mere statements of intention.
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Methodologically, the work in this paper is related to papers such as
Arora and Cason (1999), who combine data from a toxic release inventory
with demographic information through geographic matching. Where Arora
and Cason (1999) are concerned with the location choice of manufacturing
facilities and the linkage to community characterstics, here the linkage to
spatial data is used to back out the potential effect of regulation and regula-
tory threat.

The remainder of the paper is structured as follows. In section 2 I de-
velop a rudimentary theory of regulatory threat, with a particular focus
on the role of participation and incentive constraints that determine which
plants do or do not engage in abatement when regulation is introduced.
Section 3 previews the data used in the empirical analysis and discusses the
regulatory context in Canada. Section 4 focuses on the environmental expo-
sure measue that plays a key part in the empirical analysis. This section als
provides exposure rankings for pollutants and plants. Section 5 introduces
the empirical implementation and discusses econometric issues relating to
the estimating equations. Results are provided in section 6, and section 7
concludes.

2 Theory

The theoretical model strives to identify the firm characteristics through
which the effect of regulatory threat can be identified. There are impor-
tant limitations to this modeling approach. It ignores interactions between
firms related to the free-rider problem. The principal economic agents in
the model are firms and the government. Consumers only play a role as
voters and ‘consumers’ of pollution. To focus on the essential features of
the government-firm interactions, price and income effects are excluded.2

Consider a simple political economy model withN consumer-voters (in-
dexed i) and J single-plant firms (indexed j). Consumers are exposed to K
pollutants (indexed c). The physical distance between consumer i and firm
j is given by dij .

The decision making proceeds in two stages. First, the government de-
termines its optimal regulatory intervention for the case that regulation is
indeed implemented. Simultaneously, it announces how likely it will im-
plement such regulation depending on an environmental exposure measure
that firms can influence by voluntary abating emissions. Second, firms de-
termine their optimal response to the threatened intervention.

2This may not be as unrealistic as it sounds. Abatement expenditures are usually a
relatively small portion of overall costs, and regulators may not take price and income
effects into account.
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2.1 Geography, Emissions, and Exposure

Plant emissions are linked to a household’s environmental exposure through
an attenuation function that is governed by the distance between plant and
household. Unlike greenhouse gases where exposure is essentially global
and the location of an emission source is unimportant, the reverse is true
for toxic pollutants where exposure is local or regional.

Emissions are linked to exposure through two channels: attenuation,
which translates emissions into ambient emission concentrations, and toxi-
city, which translates emission concentrations into health effects (actual or
risk). For toxicity we assume that policy makers attach a weight κc to a
pollutant, and we approximate attenuation by geographical proximity.

Consumer i’s environmental exposureXi is the weighted sum of emissions
Zj ≡

∑
c κcZjc from plant j, attenuated by a function E(dij;Zj) that depends

on the distance dij between consumer and plant. Hence,

Xi ≡
∑
j

E

(
dij;

∑
c

κjZjc

)
(1)

To limit the complexity of the model, I assume that attenuation occurs
in a particularly simple form: consumers within radius r of a firm are
considered exposed, and those beyond r are considered unaffected. Let
Di(r) ≡ {j|dij ≤ r} and Dj(r) ≡ {i|dij ≤ r} define, respectively, a set of all
firms in consumer i’s vicinity, and a set of all consumers in firm’s i vicinity.
Thus,

Xi =
∑

j∈Di(r)

∑
c

κjZjc (2)

Further let nj(r) ≡ |Dj(r)| denote the number of exposed consumers to
emissions from plant j.3 The total economy-wide exposure is thus:4

X ≡
∑

i

Xi =
∑

i

∑
j∈Di(r)

∑
c

κcZjc =
∑

c

κc

∑
j

nj(r)Zjc (3)

3This implies a population density of dj(r) ≡ nj(r)/(πr2) around plant j.
4This is admittedly a simplistic exposure measure. First, it is a contemporaneous mea-

sure that neglects the cumulative effect of emissions. Second, it ignores the possibility that
exposure is intrinsically non-linear. Limited exposure may have no health impact, while
higher exposure rates may increase health risk more than proportional to the exposure con-
centration. Third, an economy-wide exposure measure implies that policy makers are will-
ing to make inter-regional trade-offs: a higher exposure in one region may be compensated
by a lower exposure in another region. The first concern can be addressed by cumulating
exposure over time, and discounting past exposure with an appropriate decay rate. The
last two concerns can be addressed by introducing appropriate non-linear modifications of
equation (3). To preserve analytic tractability these options are not explored further. Ad-
dressing the cumulative effect will become important once sufficient longitudinal data are
available; currently the NPRI covers less than a decade.
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2.2 The Government

The government’s role is to threaten K menus (z̄c, τc) of intervention, con-
sisting of emission standard z̄c and penalty rate τc for pollutant c.5 When
firms exceed z̄c, they are required to pay a penalty (ie, an emission tax)
of τc per unit of emission. Two familiar special cases are nested within
menu (z̄c, τc): a simple emission tax (0, τc), and conventional command-
and-control regulation (z̄c,∞). Considering a menu is a reflection of actual
regulatory practice: policy makers often pursue a measure of fairness6 in
addition to economic efficiency. While efficiency arguments unequivocally
favour emission taxes over emission standards, firms—in particular those
with low emission intensities—will appeal to governments’ sense of “fair-
ness” to implement standards that will let them escape penalties or taxes.7

Typically, governments will not regulate all pollutants but only those
that impact large numbers of citizens. In determining regulatory interven-
tion, the government must balance two types of costs: health costs that are
a function of emissions X , and the abatement costs A borne by firms. The
latter also includes the penalties for exceeding emission standards.8 When
it has decided to pursue regulatory intervention, the government’s objec-
tive is to choose the K menus of (z̄c, τc) in order to minimize the sum GR of
these costs:

GR = γ
∑

i

Xi(z, τ) +
∑
j

Aj(z, τ) + F (4)

Here γ is a weight that the government attaches to the health costs, and F is
the government’s cost of monitoring and enforcing the regulatory regime.
‘Green’ governments will choose a high γ. We can rewrite (4) using equa-
tion (3):

GR = F +
∑

c

∑
j

[γκcnj(r)Zjc(zc, τc) + Ajc(zc, τc)] (5)

Governments can pursue regulatory threat as an alternative to regulation.
5In the Canadian regulatory practice, emission taxes have not been used directly. In-

stead, courts have played a major role in assessing punitive damages when plants have vi-
olated environmental regulations. Courts take into account the severity of the breach, and
thus implicitly impose an ‘emission tax’ that varies with the size of the excess emission. For
modeling purposes an emission tax may thus not be entirely unrealistic. Stranlund (1995)
explores regulatory regimes where noncompliance is sanctioned by fines.

6Of course, there is no precise economic definition of “fairness,” and thus different pol-
icy makers will give this term very different meaning. For a discussion of the relative
merits of emission standards versus emission taxes see Harford and Ogura (1983).

7In the context of toxins, emission trading has not been proposed as an alternative.
Unlike greenhouse gases, the market for toxin-specific permits would likely be small and
suffer from liquidity problems and other frictions.

8Governments tend to care about the political cost of implementing an intervention
menu. While a simple emission tax (0, τc) is more efficient than a simple emission stan-
dard (z̄c,∞), a combination of emission standard and emission tax will be politically less
“costly” than a simple emission tax because the sum z̄cτc is not transfered to the govern-
ment.
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Figure 1: The Government’s In-
centive Scheme

The government announces an incen-
tive scheme to firms through which they
can influence the government’s probabil-
ity λ of enacting regulation. This func-
tion is determined by parameters X∗

(the level of environmental exposure that
triggers regulation with certainty) and ζ
(the reluctance-to-regulate factor). The
higher the reluctance factor ζ, the more
“non-linear” the government’s response.
When ζ → ∞, the incentive scheme be-
comes a pure threshold function.

X/X*0 1

0

1

λ
ζ=0

ζ=1
ζ=4

ζ=9

In particular, they can threaten to implement the regulatory regime de-
scribed above with probabiity 0 < λ < 1. If a government pursues a regula-
tory threat regime, it will minimize

GN =
∑

c

∑
j

[γκcnj(r)Zjc(λ) + Ajc(λ)] (6)

Regulatory threat is preferred to regulation when ∃λ : GN(λ) < GR. Since
threatening regulation will always be less effective environmentally than
actual regulation, a necessary condition for regulatory threat to be a viable
option is that the monitoring and enforcement cost F of regulation is rela-
tively large. Put another way, through regulatory threat governments can
trade off administration costs for environmental welfare.

For regulatory threat to have an effect on firms’ decision about pollution
abatement, firms must be able to influence the government’s probability
λ of implementing regulation. For this purpose the government must an-
nounce an incentive scheme λ = Λ(X) that links the implementation prob-
ability λ to the level of environmental exposure X . The following choice of
a functional form for Λ is particularly flexible:9

λ = (X/X∗)1+ζ < 1 (7)

Equation (7) expresses a number of desirable properties; it is illustrated in
figure 1. Just like γ,X∗ and ζ are political choices exogenous to this model.10

9Equation (7) is an ad-hoc choice that captures desirable empirical properties; it is not
derived from first principles. This ad-hoc choice leaves two questions unanswered. First,
what is the process through which the incentive scheme is determined? Second, what is
the “optimal” incentive scheme?

10There is a growing literature that models the role of competing lobbies in determining
such political choices. Maxwell et al. (2000) is a prime example of modeling green lobbies.
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First, X∗ denotes an upper threshold for the level of environmental expo-
sure that will trigger regulation with certainty. This can be viewed as a gov-
ernment’s re-election constraint. Second, ζ > 0 measures the political re-
luctance to implement regulation. As ζ increases, the level of non-linearity
increases and Λ turns increasingly into a threshold function. Third, the con-
vexity of Λ ensures that firms face diminishing returns to voluntary pol-
lution abatement (ensuring the existence of an interior solution). Govern-
ments with a low X∗ and/or low ζ can be considered as environmentally
friendly. On which segment of the Λ schedule will governments and firms
operate: the flat or the steep part? As will become apparent below, the in-
teresting part of the schedule is the flat part where λ is relatively small.

2.3 The Firm

Consider a firm j that generates output qj . Generating one unit of qj gener-
ates zjc units of unabated emission of the c = 1, .., K known pollutants. The
firm is subject to regulatory threat consisting of a menu (z̄c, τc) of emission
standard z̄c and penalty τc if the standard is exceeded (ie, there are excess
emissions).

Let πR denote the firm’s current-period profit under regulation, and let
πN denote the firm’s profit without regulation. Firm j can invest θjc into
abating emissions of pollutant c (per unit of emission), which reduces emis-
sions to exp(−θjc/bjc) times its unabated level zjc. Here, bjc is a cost factor
per unit of emission. The firm’s contemporaneous profit without regulation
is

πN
j = qj

[
p− cj −

∑
c

zjcθjc

]
(8)

Without threat of regulation, the obvious choice of θjc is zero. However,
when regulation is threatened firms can influence the implementation prob-
ability by voluntarily abating emissions. The profit maximization problem
will then become an intertemporal value maximization problem that we
will explore in section 2.6.

Under regulation, the contemporaneous profit stream depends on the
intervention menu (z̄c, τc):

πR
j = qj

[
p− cj −

∑
c

[
zjcθjc + τc max

{
zjce

−θjc/bjc − z̄c, 0
}]]

(9)

It is important to acknowledge the simplifying assumptions present in this
model. First, firms react to regulatory threat through abatement effort, but
they do not lower their scale of production. Second, abatement effort does
not reduce profitability so as to induce exit. Third, short-term relocation
costs are prohibitive and thus firms do not change location.

The firm faces a participation constraint (PC) zjc > z̄c: abatement ac-
tivity will only commence when the firm’s unabated pollution intensity zjc
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Figure 2: The Firm’s Participation
Constraint, Incentive Constraint,
and Full Compliance

The participation constraint (PC) re-
quires that the emission standard z̄c is
below the unabated emission intensity
zjc. The incentive constraint (IC) requires
that the penalty τc exceeds the abatement
cost factor bjc. Positive abatement ef-
for will occur in the south-east quadrant.
Full compliance occurs if the penalty τc
is sufficiently large, or the emission stan-
dard z̄c are sufficiently low.
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exceeds the emission standard z̄c. When this participation constraint is ful-
filled, the first order conditions for a profit maximum is

∂πR
j /∂θjc = −qjzjc + τce

−θjc/bjc/bjc ≤ 0 ⊥ θjc ≥ 0 (10)

where ⊥ denotes complementary slackness. Consequently, the optimum
abatement activity is

θjc = bjc ln[τc/bjc] if τc > bjc (11)

and θjc = 0 otherwise. The condition τc > bjc is the incentive constraint
(IC) that implies that the expected penalty τc must exceed the abatement
cost factor bjc.11 The firm may not always fully comply with a standard
z̄c, and a firm will not increase θjc beyond what is necessary to achieve
zjc exp(−θjc/bjc) = z̄c. This implies that θjc ≤ bjc ln[zjc/z̄c], with equality in
the case of full compliance (FC). Combining this result with (11) determines
that partial compliance occurs when zjc > z̄cτc/bjc, i.e., when the inital pol-
lution intensity is high. Conversely, full compliance becomes more likely
when the the penalty bjc is set high, or when the emission standard z̄c is set
high (and is thus easy to reach).

Denote constraint bindings as PC: z̄c < zjc, IC: τc > bjc, and FC: z̄c ≥
zjcbjc/τc; and let PC, IC, and FC denote their negations. Combining the PC,
IC, and FC constraints provides the basis for calculating firm j’s emissions
of pollutant c:

Zjc =


qjzjc if PC ∨ IC
qjzjcbjc/τc if PC ∧ IC ∧ FC
qj z̄c if PC ∧ IC ∧ FC

(12)

11The terms ‘participation constraint’ and ‘incentive constraint’ are borrowed from the
principal-agent literature. Their meaning is changed, however. Here, participation and
incentive constraints are governed by technological factors.
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Defining the optimal abatement intensity as

φjc ≡ max

{
1,min

{
zjc

z̄c

,
τc
bjc

}}
≥ 1 (13)

allows equation (12) to be written as

Zjc =
qjzjc

φjc

(14)

Under regulation, a firm’s environmental unit expenditure Ajc is the sum of
abatement costs and penalties:

Ajc = qj


0 if PC
τc(zjc − z̄c) if PC ∧ IC
[zjcbjc [1 + ln (τc/bjc)]− z̄cτc] if PC ∧ IC ∧ FC
zjcbjc ln (zjc/z̄c) if PC ∧ IC ∧ FC

 (15)

Note that these higher penalties and higher emission standards lower the
government’s revenue because higher penalties reduce emissions. Us-
ing (13), equation (15) can also be written as

Ajc = qj

[
zjcbjc lnφjc + τc max

{
0,
zjc

φjc

− z̄c

}]
(16)

The firm’s total environmental costs are Aj ≡
∑

cAjc.12

There are four sources of firm heterogeneity in this model: variation in
the unabated emission intensity zjc; variation in abatement cost bjc; varia-
tion in firm size qj ; and variation in the surrounding population nj(r). Het-
erogeneity in zjc and bjc for a particular pollutant may be rooted in, for
example, different vintages of technology.

2.4 Symmetric Solution

To illustrate key properties of the model, consider the symmetric case where
∀j : bjc = bc and ∀j : zjc = zc. The symmetric case has a particularly simple
solution. The policy maker will adopt a regulatory menu that will satisfy
the PC and IC if the environmental exposure of the population is sufficiently
large. When this is the case, the best strategy is to set a menu that ensures
full compliance.13

12Regulation may also have the result of forcing firms to exit when either τ is set too high
and/or z̄ too low for one or more pollutant. Exit will be induced when p − c < Aj/qj , in
which case emissions fall to zero.

13This is easily proved. Suppose a menu was set such that for a given τc > bc, the z̄c <
zcbc/τc assured only partial compliance. Then the policy maker would find it beneficial
to increase z̄c in order to reduce penalty payments, and would continue raising z̄c until
z̄c = zcbc/τc.
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The optimal regulatory policy in the symmetric case is very simple. For
notational convenience, let Q ≡ ∑

j qj and M ≡ ∑
j njqj . Further let

ψc ≡ γκcM/Q (17)

denote an exposure measure for pollutant c, weighted by the policy inten-
sity parameter γ. Then ∂πR

j /∂z̄c = 0 can be solved for the optimal emission
standard z̄c = bczc/ψc < zc. This emission standard will be set only when
ψc > bc; otherwise the optimal menu is no regulation at all. The condition
ψc > bc implies that the health cost from emissions exceed the abatement
unit cost bc. Which penalty τc must be set? The FC requirement implies
τc = bczc/z̄c, and thus τc = ψc > bc supports the choice of optimal z̄c.14

2.5 Firm Heterogeneity and the Abatement Ladder

Given that there are four sources of firm heterogeneity (size, unabated pol-
lution intensity, abatement cost factor, and population at risk), all of which
may be expressed as empirical distributions, it is difficult to find general
algebraic expressions for the optimal policies (z̄c, τc) even in the case where
there are only two firms. As optimal intervention design is not the cen-
tral point of this paper, the general case is left for further study. However,
there are some special asymmetric cases that lend themselves to simple yet
insightful analysis.

First consider the case where firms’ unabated pollution intensity and
abatement cost factors are all inversely related such that ∀j : bjczjc = Bc.
Then firms with high unabated pollution intensity face the lowest unit
abatement cost, and in figure 2 all firms are to be found on the inverse
schedule that marks the FC constraint boundary. Put another way, the “low-
hanging fruit” for abatement are found in the most polluting firms. Be-
cause all firms are situated on the full compliance boundary, the participa-
tion and incentive constraints coincide, which further simplifies treatment
of this special case.

When all firms engage in some abatement, the optimum (z̄c, τc) is ex-
actly the same as in the symmetric case: τc = ψc and zc = Bc/ψc. Ordering
firms such that zc1 > zc2 > ... > zcJ (or equivalently, bc1 < bc2 < ... < bcJ )
implies that for a given z̄c either no firms abate (z̄c ≥ zc1), some firms
abate zcj > z̄c ≥ zc,j+1), or all firms abate (zcJ > z̄c). This ranking con-
stitutes an abatement ladder on which a firm’s rung is determined by the
interaction of the four sources of firm heterogeneity. The boundary be-
tween abaters and non-abaters is determined by a measure that is cumu-

14Of course, τc = ψc would also be the optimal solution in the case of a simple pollution
tax with z̄c = 0. Without the emission standard z̄c, firms incur a greater total emission
cost because the emission standard caps the tax payment. It can be shown that with no
emission standard, G∗(τc =ψc, z̄c =0) = Q

∑
c zcbc[2 + ln(ψc/bc)], which is ncessarily larger

than the case with an optimal emission standard: G∗(τc =ψc, z̄c =bczc/ψc) = Q
∑

c zcbc[1 +
ln(ψc/bc)].
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lative over the environmental exposure of firms below on the abatement
ladder. To determine this border, let Mj ≡

∑j
k nkqk, let Qj ≡

∑j
k qk, and let

ψc(j) = γκcMj/Qj . When j firms participate in pollution abatement, the
optimal emission standard should be z̄c(j) = Bc/ψc(j). But because it must
hold that zcj > z̄c(j) ≥ zc,j+1, emission standard z̄c(j) may not be feasible. If
none of the z̄c(j) is feasible, the optimal z̄c is determined by inspecting the
cost function at each zjc.

Figure 3: A Numerical Example of Regulation with Firm Heterogeneity
j nj Mj zj z̄(j) ∆Xj Aj

1 20 20 19 64.0 3.1 14.9
2 80 100 17 25.6 10.0 12.7
3 200 300 15 12.8 18.8 10.2
4 400 700 13 7.3 25.0 7.4
5 50 750 11 8.5 1.6 4.0
6 20 770 9 10.0
7 20 790 7 11.3
8 10 800 5 12.8
9 150 950 3 12.1

10 50 1000 1 12.8 Emission Standard (z)
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Note: This numerical example was calculated for a single pollutant, inversely related un-
abated pollution intensity and abatement cost factor (∀j : bjzj = B = 20), equal firm size
(∀j : qj = 1), and γκ = 1/64. Column z̄(j) shows the required emission standard if the
top j firms participate in pollution abatement. ∆Xj = γκnjqj(zj −min{zj , z̄}) shows firm
j’s redution in environmental exposure at the optimal emission standard (z̄ = 9), and Aj

shows the total abatement cost for firm j.

A numerical example, shown in figure 3, illustrates the economic intu-
ition behind the determination of the optimal emission standard and emis-
sion tax. This example also reveals that the optimal z̄c(j) is frequently a
particular zjc. The example is for a single pollutant, and thus subscript c is
dropped for convenience. The model parameters for ten firms are shown
in the table, arranged in descending order of zj , in equal step sizes from
z1 = 19 to z10 = 1. The figure shows that as the emission standard is tough-
ened (z̄ is lowered), total cost increases initially. As seen in the table, the two
dirtiest (ie, most pollution intensive) polluters expose only a small part of
the population. Since z̄(j) > zj , capturing just these two firms is inefficient.
Because the third and fourth firm together expose six times more people
than the first and second firm, the emission standard ought to capture these
targets. When the top four polluters are captured, the government would
like to set the standard at 7.3. But the next dirtiest polluter is at z5 = 9,
which would also capture firms 5 and 6. When the sixth firm is captured by
z̄, its relatively high unit abatement cost start offseting the gains from lower
pollution. With six firms abating, the government would indeed prefer to
set the standard back at 10.0. Inspecting the total cost curve, it is apparent
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that capturing 5 firms and setting z̄ = 9 is the optimal solution. At that
level, each of the five abating firm makes a contribution ∆Xj to reducing
environmental exposure, at cost Aj , as shown in the table.

Two further special cases of firm heterogeneity are useful to consider:
a simple pollution tax (τc > 0, z̄c = 0) and a simple emission standard
(τc = ∞, z̄c > 0). Defining Mj ≡ ∑j

k qknk, Wjc ≡ ∑j
k qknkbkczkc and

Vjc ≡
∑j

k qkbkczkc, the optimal pollution tax for j participants is found as
τc(j) = γκcWjc/Vjc, and the optimal emission standard with j participants
is z̄c(j) = Vjc/(γκcMj). Here, k denotes the marginal participating firm,
and the ranking of firms is determined by their pollution abatement cost
(in the case of the emission tax) and their unabated pollution intensities (in
the case of an emission standard). As in the first special case, if none of the
τc(j) or z̄c(j) is feasible (ie., τc(j) > bj+1,c or τc(j) < bjc; or z̄c(j) > zjc or
z̄c(j) < zj+1,c) the government cost function must be inspected at each bjc
(or zjc) to determine the optimal regulation.

What are the main lessons from studying firm heterogeneity? First, the
above analysis highlights the importance of the participation and incentive
constraints for observing actual abatement effort. For any given regulatory
intervention—emission tax, emission standard, or a combination thereof—
there may be a set of active abaters and a set of non-abaters. Which group
a particular company falls into depends on its rank on the “abatement lad-
der,” which is determined in a non-trivial fashion by the interaction of the
four sources of firm heterogeneity. Second, the boundary between abaters
and non-abaters is determined by—or at the very least highly correlated
with—a “mass index” that is cumulative over the population exposure and
size of firms at the same level or higher up on the “abatement ladder.” These
key insights provide the basis for the empirical analysis below.

2.6 Regulatory Threat

A model of regulatory threat was introduced by Glazer and McMillan (1992)
in the context of regulating monopolies. It is useful for contemplating envi-
ronmental regulatory threat as well. The threat is modelled stochastically:
in each period, the government may introduce regulation with probabil-
ity λ.

Consider firm j’s problem of maximzing its infinite-period present-
discounted value Vj , where future periods are discounted at rate ρ. One-
period profits under regulation and no regulation are πR

j and πN
j , respec-

tively, as defined by equations (9) and (8). In a given pre-regulation pe-
riod, the firm obtains πN

j . In the next period it faces either regulation with
probability λ, or a continuation of the unregulated regime with probability
1−λ. When regulation is introduced, it is irreversible, and thus the present-
discounted value of the firm is V R

j = πR
j /ρ. In the present period, the firm’s
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value is determined recursively:

Vj =
[
πN

j + λV R
j + (1− λ)Vj

]
/(1 + ρ)

=
[
πN

j + πR
j λ/ρ

]
/(λ+ ρ)

= V R
j +

[
πN

j − πR
j

]
/(λ+ ρ) (18)

The second line in equation (18) provides the basis for the derivations be-
low. The third line illustrates nicely that lower regulatory threat (a lower λ)
increases the value of the firm, taking the firm’s value under regulation as
the reference point. The first-order condition for a profit maximum is

dVj

dθjc

=
∂Vj

∂θjc

+
∂Vj

∂λ

∂λ

∂θjc

=
1

λ+ ρ

[
∂πN

j

∂θjc

−
πN

j − πR
j

λ+ ρ

∂λ

∂X

∂X

∂θjc

]
≤ 0 ⊥ θjc ≥ 0 (19)

From (8), (7), and (3), respectively, it follows that

∂πN
j /∂θjc = −qjzjc (20)

∂λ/∂X = (1 + ζ)λζ/(1+ζ)/X∗ (21)
∂X/∂θjc = −κcnjqjzjc exp(−θjc/bjc)/bjc (22)

Further let qjϕj(θj, z̄, τ) ≡ πN
j (θj) − πR

j (z̄, τ). First-order condition (19) can
then be written as15

θjc = bjc ln

[
(1 + ζ)λζ/(1+ζ)

λ+ ρ

κcnjqjϕ
∗
j(z̄, τ)

bjcX∗

]
≥ 0 (23)

Similar to the case of regulation, the firm faces an incentive constraint for
voluntarily abating pollution. Abatement becomes more likely when a firm
is large, located in a populated area, production involves toxic substances,
and abatement is cheap. The effect of changes in regulatory threat is more
complex:

∂θjc/∂λ =
bjc(ζρ− λ)

λ(λ+ ρ)(1 + ζ)
(24)

For regulatory threat to be effective and lead to increases in abatement effort
θjc, the above expression must be positive. This implies that the regulation
probability λ has an upper bound: λ < ζρ. This means that regulatory threat
is only effective if it is not too large. If it exceeds ζρ and implementation is
likely within a short time, firms will find it more profitable to simply wait

15This solution ignores the second-order repercussion effect through which θjc affects φj .
The function void of the effect of θjc is denoted as ϕ∗j (τ, z̄).
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for the implementation and benefit from the lower production cost mean-
while. This is perhaps a perverse effect of regulatory threat: it must not be
too strong to succeed. In figure 1, governments prefer the flat part of Λ(X);
they will use regulatory threat only if regulation is sufficiently distant in
the future. If firms have very low discount rates, regulatory threat will be-
come ineffective as firms only care about their current-period profits. Note
that a higher ζ (an increase in the curvature of Λ(X)) expands the useful-
ness of regulatory threat as an instrument. The optimal regulatory threat
is achieved when increases in λ lead to no further increases in abatement
effort θjc, and ∂θjc/∂λ becomes zero. This implies an optimal threat

λ = ζρ (25)

By how much do firms reduce emissions? A suitable measure is the
ratio of emission intensities with and without abatement. Combining the
emission equation Zjc = qjzjc exp(−θjc/bjc) with (23) and (25), it follows
that

Zjc/qj
zjc

= exp

[
θjc

bjc

]
=

[
bjcX

∗

κcnjqjϕ∗j(z̄, τ)

]
·
[
ζζ

ρ

] 1
1+ζ

≤ 1. (26)

Firms that are large, put greater number of people at risk through their loca-
tion, or whose production involves toxic substances, will have larger emis-
sion intensity reductions because these firms wield greater influence on the
probability of implementing regulation. Furthermore, voluntary abatement
is also increased by the cost of the threatened regulation ϕ∗j(z̄, τ). Thus a
firm’s abatement effort will critically depend on whether the firm meets the
participation and incentive constraints of actual regulation: its rung on the
abatement ladder. Firms for which these constraints are not binding will
not see any reduction in emissions. Furthermore, increases in the threat-
ened emission tax τc or tougher (lower) emission standards z̄c will tend to
lower πR

j , increase ϕ∗j , and thus increase voluntary abatement. Equation (26)
provides the basis for the empirical implementation below.

2.7 Strategic Interactions

I complete the theory section with a brief detour. The above analysis started
out with the assumption that firms do not act strategically and thus do not
take the response of other firms into consideration. If firms attempt to free
ride on the abatement effort of other firms, then

dX

dθjc

=
∂X

∂θjc

+
∑
i6=j

∑
d

∂X

∂θid

∂θid

∂θjc

(27)

where ∂θi/∂θjc is the conjectural variation. Since what matters is total en-
vironmental exposure (X), strategic behaviour takes into account abate-
ment effort of other firms, even if it involves different pollutants than c.
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If firms act non-strategically, ∂θid/∂θjc = 0. However, if they free ride,
then ∂θid/∂θjc < 0. Thus, dX/dθjc may turn out to be smaller than the
non-strategic model outlined in the previous section. In the extreme case,
dX/dθjc → 0 if all firms try to fully free ride on each other.

The extent to which pollution-abatement free-riding is a practical prob-
lem is an area of active research. Millock and Salanié (2001) provide an
assessment of the potential of free-riding, but also show that incentives to
free-ride can be diminished when firms cooperate on other activities such
as R&D. The extent to which free-riding matters is, in the end, an empirical
question that has been rather elusive.

3 Data Issues

3.1 The National Pollutant Release Inventory (NPRI)

This study uses data from Canada’s NPRI, which covers 2,686 facilities over
the period 1993–99.16 Facilities (plants) are required to report releases and
transfers of 245 different chemical substances. Releases are recorded sepa-
rately for different release media (air, water, land, underground injection).
Furthermore, onsite releases at the plant location are distinguished from off-
site transfers to other locations for treatment or storage. Facilities below a
certain size (i.e., those with fewer than 10 employees that do not produce
or use NPRI substances in quantities greater than 10 tons, and those in cer-
tain exempt categories such as educational institutions) are not required to
report. Of the roughly 32,000 manufacturing establishments identified by
Statistics Canada, less than 8% report to the NPRI.

Not all facilities reporting to the NPRI actually report positive onsite re-
leases. A good many of them report zero releases. In 1993, just 736 facilities
reported positive onsite releases. By 1999, this number had increased to
1344. 960 facilities never reported any positive onsite emissions whatsoever
(although a small share of them reports positive offsite transfers). Facili-
ties may not always report continuously. There were only 738 facilities that
reported positive onsite emissions in both 1994 and 1999, and only 680 of
these facilities reported emissions continuously between 1994 and 1999.

Although between 1993 and 1999 facilities were required to report dis-
charges of 245 substances, 73 of which were added to the inventory in
1999,17 reports were received for only 192 substances, with an average be-
tween 3 and 4 substance reports per facility each year.18 NPRI focuses on

16NPRI data are accessible on the web at http://www.ec.gc.ca/pdb/npri. Database
queries for individual facilities or pollutants can be carried out at http://www.npri-
inrp.com/queryform.cfm.

17The number of substances was increased again in 2000 to include highly toxic “microp-
ollutants” that are released in small quantities, with a lower reporting threshold applying
to those pollutants.

18In 1999 about one third of all companies report only a single pollutant, about half
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“toxic” substances, and thus does not include many traditional pollutants,
such as greenhouse gases, particulates released to air, or suspended solids
discharged to water. These excluded substances undoubtedly present sig-
nificant risks to health and the environment, and thus the information in
the NPRI does not tell the full story.19

In Harrison and Antweiler (2001) we have documented extensively
trends in onsite pollution releases and offsite transfers. It is worthwhile
highlighting some of the key findings from this study. Between 1993 and
1999, onsite emissions dropped have dropped by 27% by weight, equiv-
alent to an 11% reduction after adjustment for toxicity (see next section).
At the same time, offsite transfers decreased at most by 9% by weight, but
increased by 127% after adjustment for toxicity. We found evidence that
regulatory interventions in the pulp and paper industry (CSIC 27) led to
a substantial reduction of releases to surface water. This industry was the
the only industry that faced new discharge regulations at the national level
during this period, and it was also subject to extensive reform of regula-
tions and permits at the provincial level in the early 1990s (Harrison, 1996).
The empirical analysis thus excludes this industry to prevent regulation
being misidentified as regulatory threat. Also excluded is a single facil-
ity in Québec, Kronos, that dramatically reduced its releases in response
to regulatory enforcement action by both the federal government and the
province.20 With these adjustments for regulatory intervention, total onsite
releases increased by 4% by weight, and decreased 13% in toxicity-adjusted
terms. In contrast, offsite transfers decreased 8% in weight but increased
127% in toxicity-adjusted terms. This implies that the average toxicity of
onsite releases has decreased, while it has significantly increased for offsite
transfers.21

3.2 Toxicity Adjustments

Following the example of Hettige et al. (1992) and Horvath et al. (1995), and
more recently Shapiro (1999), it is necessary to take into account the vary-
ing toxicity of NPRI substances. Like Shapiro (1999), I am using the EPA
Chronic Human Health Indicator (CHHI) for the purpose of aggregating
pollutants.22 An important advantage of the CHHI data is that EPA has de-

report three or fewer pollutants, and less than 9% report ten or more pollutants. The largest
number of pollutants reported by any firm is 55.

19Environment Canada has announced that the NPRI release for the 2001 data will inte-
grate the criteria air contaminants.

20Further excluded are two disputed measurements in Ontario in 1999.
21These figures are not adjusted for the larger number of reporting facilities in 1999 com-

pared to 1993. The qualitative result remains unchanged, however, when we focus only on
continuous reporters in 1993 and 1999; see Harrison and Antweiler (2001).

22The earlier studies by Hettige et al. (1992) and Horvath et al. (1995) rely on threshold
limit values (TLVs) adopted by the American Conference of Governmental Industrial Hy-
gienists, but this approach has several limitations. TLVs are designed to reflect the toxicity
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veloped separate toxicity scores for each chemical depending on whether
exposure occurs via oral intake or inhalation. Thus, inhalation scores are
applied to releases by air, and oral toxicity scores are applied to all other
release streams.23 CHHI scores are based only on chronic effects and do
not consider acute effects of exposure. However, this is arguably more ap-
propriate in light of the low level exposures resulting from most environ-
mental releases. CHHI indicators do not address multiple effects, effects
of concurrent exposures to multiple substances, nor environmental impacts
other than human health.24 To interpret our numbers, CHHI adjustments
are expressed in “methanol units.”

3.3 Population Data

Spatial population data for Canada were obtained from the Gridded Popula-
tion of the World (GPW version 2) project of the Center for International Earth
Science Information Network (CIESIN) at Columbia University.25 GPW
provides population estimates for 1990 and 1995 for grids of 2.5 arc minutes
each for longitude and latitude.26 A 2’.5x2’.5 grid at 49◦ latitude (e.g., Van-
couver) covers approximately 14 km2, and it is somewhat taller than wide
(4.6 km by 3 km). Figure 4 shows the distribution of Canada’s population
by areas of different population density. Roughly one third of Canada’s
population lives in rural or sparsely populated areas (density lower than
250 people per km2), while about one sixth of the population lives in high-
density metropolitan areas (density exceeding 2,500 people per km2). Fig-
ure 5 confirms that the majority of the Canadian population lives within a
few degrees of latitude, suggesting that using grids of equal arc length does
not introduce to much of a distortion. Figure 6 displays the population den-
sity on a map.

NPRI facility locations, reported as longitudes and latitudes, were
matched to corresponding grids. To study the sensitivity of the results with
respect to grid size, I also consider larger grids. Centered around the facil-
ity location grid, I consider two alternative areas that cover approximately

of airborne substances only, and the same toxicity rankings may not apply to other forms of
exposure. Another drawback is that TLVs are developed for occupational settings, where
exposures to toxic substances tend to be high relative to ambient environmental exposures.
The same toxicity rankings may not hold at lower exposure levels.

23This assumes that the ultimate source of human exposure from land-based disposal
techniques, including landfills, surface land-application, and underground injection will
be via surface or ground water contamination.

24CHHI coverage of NPRI substances is incomplete, but over 90% of the raw weight of
pollutants can be accounted for. One potential bias is with respect to nitrate; the CHHI
does not provide either oral or inhalation scores.

25http://sedac.ciesin.org/plue/gpw/index.html
26Currently, the GPW project only provides data points for 1990 and 1995. The release of

GPW data points for 2000 is planned, but in the Canadian case is based on the 2001 census
data which is only now becoming available.
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Figure 4: Population Density Distribution for Canada
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Figure 5: Canadian Population Distribution by Latitude
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Figure 6: Population Density Map
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Figure 7: Grid Coverage

Each grid covers an area of 2.5 by 2.5 arc
minutes of longitude and latitutde. At
49◦ latitude, this corresponds to an area
3 km wide and 4.6 km high. Aggrega-
tion of grids around the center are in-
dicated through different shadings. The
three areas considered cover approxi-
mately 14 km2, 150 km2, and 375 km2.
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150 km2 and 375 km2. Figure 7 shows how these virtual grids are assembled
from 11 and 27 base grids.

4 Environmental Exposure

Central to the analysis in this paper is the calculation of a measure of en-
vironmental exposure. For a given chemical c, economy-wide environmental
exposure in period t is defined as

Xct = κc

∑
j

njtZjct (28)

Table 7 provides a ranking of environmental exposure for the top 32 pol-
lutants, based on the average Xct across 1993-99. The table also includes
summary statistics for each pollutant: its EPA-CHHI weights for oral intake
and inhalation; the decomposition of onsite emissions into the four princi-
ple emission streams (air, water, subsoil, land); the decomposition of total
emissions into onsite releases and offsite transfers; and the total onsite emis-
sions in tons per year. Chemical compounds are identified by their name
and CAS number, and a map of years in which the chemicals were reported
to the NPRI. The exposure measure is reported in logarithmic form due to
its wide span. The top pollutant (lead compounds, lnXc = 20.03) has an ex-
posure measure 20 times that of the second-ranked pollutant (sulfuric acid,
lnXc = 17.03), and 400 times that of the 12th-ranked pollutant (benzene,
lnXc = 14.02).

An interesting question is which contributing factor (population weights,
toxicity weights, or emission size) explains the variance in the environmen-
tal exposure measure. Using rank correlations, emission size had the low-
est and statistically insignificant rank correlation with environmental expo-
sure. The toxicity weights had a rank correlation of 0.80, and the population
weights had a rank correlation of 0.60, both statistically significant. Toxicity-
adjusted emissions had a rank correlation of 0.96, identifying the toxicity
adjustments as the primary source of variation in environmental exposure.
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Under section 11 of the 1999 revision of the Canadian Environmental
Protection Act (CEPA), Environment Canada can identify substances as
toxic and place them on what is known as CEPA Schedule 1. This is in
addition to the substances identified as carcinogens in the original CEPA.
These subtances are identified as “Sch.1” and “Toxic” in tables 7 and table 1.
The main distinction between the two groups is that the Schedule 1 sub-
tances underwent a review process determining toxicity, while the “Toxic”
substances were already deemed “toxic” when CEPA was introduced. Sub-
stances identified as toxic and are added to Schedule 1 may become subject
to regulation at a later point. As of May 2002 there were 52 substances, but
not all are covered by the the NPRI.27 Not all of the subtances are among
the pollutants with the largest environmental exposure.

It is possible to construct a firm-specific environmental exposure index
analogous to (28):

Xjt = njt

∑
c

κcZjct (29)

This measure can be used to identify the environmental impact of individ-
ual plants. The top thirty facilities are identified in table 2. In addition to
the exposure measure lnXjt, the table also shows toxicity-adjusted emis-
sions

∑
c κcZjct. Steel mills and other metal processing factories are partic-

ularly prominent among them. Furthermore, many of the facilities can be
found in the heavily-populated Hamilton-Toronto-Montréal corridor. Three
alternative rankings are provided in columns a, b and c, based on the three
different population area measures introduced in the previous section. The
general tendency of these alternative measures is to give greater weight to
the facilities in heavily-populated areas. The overall impression is, however,
that the ranking is quite consistent across the three specifications.

5 Empirical Implementation

The ideal dependent variable, if it was observable, would be the ratio of
abated to unabated emission intensities (Z/q)/z, or in logarithmic form
ln(Z) − ln(q) − ln(z). However, without data on the abatement effort of
individual facilities, it is not possible to observe z. Observable are emis-
sions Zjct of pollutant c by facility j in year t. Also observed are the number
of employees at a particular facility, which will be used as a crude proxy for
a facility’s output qjt. (Unfortunately, the NPRI database does not reveal a
facility’s output either by value or volume.) Because unabated emission in-
tensities are unobserved, the zjc’s may be thought of as time-invariant fixed
effects.

It would be natural to choose lnZjct as the dependent variable and rel-
egate ln qjt and ln zjc to the right-hand side of the estimating equation; q

27http://www.ec.gc.ca/CEPARegistry/subs list/Toxicupdate.cfm
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because it is a proxy that will tend to introduce mismeasurement problems,
and z because it is an unobserved fixed effect. The key regressor on the
right-hand side would be the environmental exposure Xjct, also suitably
expressed in logarithmic form. This set-up is, in its simplest form,

lnZjct = ln zjc + β · ln qjct − γ · lnXjct (30)

where β and γ are estimable parameters. Parameter β is the scale elasticity
of emissions, and parameter γ captures the effect of regulatory threat and
should yield a significant positive estimate if regulatory threat is effective.

There are two immediately identifiable econometric complications—
plus an economic identification problem. First, treating zjc as unobserv-
able requires fixed effects for facilities and pollutants; let αjc denote these
fixed effects. This leaves just the time dimension—and no cross-sectional
dimensions—to identify the effect of environmental exposure (Xjct) on
emissions (Zjct). Since the NPRI has only seven years of usable data, and
many facilities report only in some but not all years, the power of the econo-
metric tests is severely diminished.

Second, because lnXjct can be decomposed into the sum of lnZjct, lnκc

and lnnjt, the dependent variable appears on the right-hand side of the
equation. This requires consolidating the lnZjct terms in (30) on the left-
hand side and redefining α̃jc ≡ αjc/(1+γ), β̃ ≡ β/(1+γ), and γ̃ ≡ γ/(1+γ),
respectively.28 The estimate of γ̃ can then be used as a predictor of the origi-
nal γ = γ̃/(1−γ̃) through application of the Delta method; see Greene (2003,
p. 70).

Third, can one really attribute a positive γ estimate to federal regulatory
threat? Could it perhaps also capture the effect of local regulation and the
location choice of firms? It may simply be the case that firms with lower
pollution intensity choose urban areas, and firms with high pollution inten-
sity choose uninhabited areas. Then environmental exposure and emission
intensities will be negatively correlated. Alas, this does capture a form of
fear of regulation. If (manufacturing) firms avoid urban areas, it is precisely
because of the fear that it is more likely that they will face environmental
regulation. Of course, high-intensity polluters may also be subject to local
regulation such as zoning restrictions. This suggests that the estimate of γ
will tend to overstate the effect of regulatory threat because it may capture
the effect of local regulations and zoning. Hence, further empirical instru-
ments are needed to disentangle the effect of regulatory threat. I devise
two such instruments. The first instrument is suggested by the theoretical

28Theory suggests that γ applies to lnκc + lnnjc. One cannot estimate partial effects on
lnκc and lnnjc because κc has (theoretically) no time variation and would be captured by
the fixed effects. In practice, κc may have minimal time variation. Facilities may vary emis-
sion streams over time. Because of different oral and inhalation toxicities, changes in the
composition of emission streams may affect the average toxicity of a particular pollutant at
a given facility.
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model: conditioning firms’ abatement effort on their environmental expo-
sure ranking relative to other firms. The second instrument is an empirical
identification strategy: investigating rates of change in emissions rater than
emission levels.

Turning first to emission level regressions, the following estimating
equations will be used: a parametric nonlinear equation

lnZjct = α̃jc + β̃ · ln qjct − γ̃ · ln(κcnjt) · ξδ
jct + εjct (31)

and its non-parametric cousin

lnZjct = α̃jc + β̃ · ln qjct − γ̃ · ln(κcnjt) · I(ξjct > ξ̄) + εjct (32)

Here α̃jc are fixed effects that capture the variation in zjc, and I(·) again
denotes the indicator function. We estimate both equations by nonlinear
fixed-effects maximum-likelihood.29

The discussion in the theory section of this paper has emphasized the
importance of conditioning changes in emissions on the application of par-
ticipation and incentive constraints: a firm’s rung on the abatement ladder.
Because only pollution intensities are observed in practice, one can only
make inferences about the participation constraint (PC). Unfortunately, the
NPRI does not shed any light on abatement cost factors, and thus it is not
possible to capture the effect of the incentive constraint (IC) except in the
case where the two are highly correlated.30 The PC is tied to a facility’s
emission intensity with respect to that of other facilities, or short, its emis-
sion intensity rank. The highest emitters face the greatest likelihood of a
binding PC, and vice versa. The theoretical analysis has shown that it is not
the rank alone that matters, but also the environmental exposure enmassed
by the facilities with higher pollution intensity. I use this insight to construct
the abatement ladder index

ξjct = 1−
∑

k Xkct I(zkct>zjct)∑
k Xkct

∈]0, 1] (33)

where I(·) denotes the indicator function. A facility with ξjct = 1 is the worst
polluter, as no other facilities have a higher zcjt than facility f . Conversely,

29The fixed effects are nuisance parameters. Given that there are several thousand such
parameters, it would be grossly inefficient to estimate them by brute force. Fortunately,
fixed effects in nonlinear models can be concentrated out of the likelihood function easily.
The model can be viewed as a nonlinear panel regression yit = αi + f(xit, b) + εit with
groups i and time t. Let uit ≡ yit − f(xit, b), and purge the effect of αi by using the
transformation eit ≡ uit − (1/T )

∑
s uis. Then the concentrated log-likelihood function is

simply L = −[ln(πσ2) +
∑

i

∑
t e

2
it/σ

2]/2. While equation (32) is entirely linear and could
also be estimated by conventional fixed effects, equation (31) is nonlinear in ξ. In order
to use anlytic gradients in the estimation procedure, note that ∂f/∂δ = −γ ln(κn)ξd ln(ξ).
Because of the ln(xi) term, it must hold that ξ > 0.

30There is good reason to believe that there is an inverse correlation between zjc and bjc

if pollution abatement technology is subject to vintage effects.
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ξjct is approaching zero (but will not be exactly zero) for the cleanest facility.
ξjct can be interpreted as the likelihood that facility j will be affected by the
implementation of regulation.

How does the abatement ladder index ξjct condition the effect of envi-
ronmental exposure on emissions? If participation constraints are binding
for some firms and not binding for others, then there exists a 0 < ξ̄ < 1
that separates the two groups. For the firms captured by the constraint
ξjct > ξ̄. Equation (32) captures this by multiplying ln(κcnjt) with the
indicator variable I(ξjct > ξ̄). I perform a simple grid search by using
ξ̄ ∈ {0, 0.25, 0.5, 0.75} in the regressions. However, the effect of ξ may be
nonlinear. To capture this possibility, in estimating equation (31) I condition
the effect of environmental exposure on ξδ

jct. Consistency with the theory
requires that δ > 0. When δ → 0, ξδ becomes increasingly concave. Small
values of δ filter out the observations with low ξ’s, similar to a low ξ̄ in equa-
tion (31). Conversely, as δ → ∞, all but the observations with the highest ξ
are filtered out as the curvature of ξδ becomes increasingly convex. When
the estimated δ is negative, clean facilities react stronger to their environ-
mental exposure when ξ is small. A negative δ thus coontradicts the theory,
which requires that the most exposed facilities reduce emissions the most.

Estimating equations (31) and (32) remain unsatisfactory. The empirical
burden imposed on the functional form is severe, and the effect of regula-
tory threat is identified entirely through time variation and the conditioning
effect imposed by the participation constraints. Furthermore, γ is assumed
to be identical across pollutants. Because of these shortcomings I look for
alternative empirical implementations.

One possibility is to relax the assumption that zjc is facility-specific,
and allow for mere industry effects. This is the alternative that pursued
in an earlier paper (Harrison and Antweiler, 2001). It provided the basis
for our use of facility aggregates where emissions are adjusted for toxicity
and summed over all pollutants. While this approach is appealing from a
practical point of view, it does not provide for a differentiated treatment of
individual pollutants.

Here I pursue a different empirical strategy to identify the effect of reg-
ulatory threat. If in response to regulatory threat facilities reduce emissions
gradually over time rather than abruptly, the effect of regulatory threat
should be observable over several time periods. The first number of years
of the NPRI are a particularly suitable time period as facilities are learn-
ing, for the first time, about their environmental exposure relative to that of
other firms. The first decade of the NPRI is thus very likely characterized
by an adjustment process during which firms are potentially responding to
regulatory threat.

Concretely, an alternative empirical implementation can be derived by
time-differencing estimating equation (30). The dependent variable be-
comes the rate of change in observed emissions ∆ lnZjct ≡ lnZjct−lnZjc,t−1.
Time-differencing eliminates the fixed effects αjc = ln zjc, and further in-
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troduces the rate of change in employment ∆ ln qjt ≡ ln qjt − ln qj,t−1. Us-
ing the rate of change ∆ lnZjct as the dependent variable also provides for
cross-sectional comparability in our estimating equation; it also greatly re-
duces the potential for heteroskedasticity. Furthermore, as emission levels
are highly auto-correlated, ∆ lnZjct models a stationary I(1) process.

The identification strategy is to include both a time-differenced and a
previous-period level term corresponding to the environmental exposure
measure. The time-differenced expression ∆ lnXjct ≡ lnXjct−lnXjc,t−1 cap-
tures the impact of environmental exposure in steady-state. Since increases
in environmental exposure should reduce emissions, the corresponding es-
timator η is introduced with a minus sign. The previous-period level term
lnXjc,t−1 captures the transition dynamic to the steady state. In the regres-
sions involving time-differencing we can use lnXjc,t−1 directly because it is
lagged. However, similar to estimating equations (31) and (32), it is neces-
sary to consolidate ∆ lnXjct by adding η∆Zjct on both sides of the equation
This redefines α̃ = α/(1+η), β̃ = β/(1+η), γ̃ = γ/(1+η), and η̃ = η/(1+η).

I am now able to set up a second pair of estimating equations. Again
there is a fully parametric and a non-parametric version. A possible time
trend is captured by an intercept term α̃. The fully parametric estimating
equation is

∆ lnZjct = α̃+ β̃ ·∆ ln qjct − γ̃ · lnXjc,t−1 · ξδ
jc,t−1 − η̃ ·∆ ln(κcnjt) + εjct (34)

and its non-parametric cousin is

∆ lnZjct = α̃+β̃·∆ ln qjct−γ̃·lnXjc,t−1·I(ξjc,t−1 > ξ̄)−η̃·∆ ln(κcnjt)+εjct (35)

These two estimating equations provide greater flexibility than their coun-
terparts (31) and (32). Because there are no pervasive fixed effects to worry
about, one can estimate (34) and (35) pollutant by pollutant, in addition to
estimating a pooled version involving all pollutants.

Lastly, it is interesting to determine the relative contributions of emission
level Zjct, toxicity κc, and population exposure njt. I therefore also estimate
a version that decomposes γ ·lnXjc,t−1 into γ1·lnZjc,t−1+γ2·lnκc+γ3·lnnj,t−1.

6 Results

6.1 Emission Levels

Table 3 presents evidence from emission level regressions based on estimat-
ing equations (31) and (32). Estimates for the nonparametric specification
are shown in columns (A) through (D), where the ξ̄ cutoffs were chosen as
0, 0.25, 0.5, and 0.75, respectively. Turning to the estimate γ = γ̃/(1− γ̃) that
corresponds to the environmental exposure effect, only the estimate in col-
umn (A) is positive and consistent with the theory’s prediction. It indicates
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an elasticity of 0.436: a 10% increase in environmental exposure is associ-
ated with a 4.4% reduction in emissions. However, the estimated elastici-
ties for the higher cutoff levels for ξ̄ are all negative and significant, which
suggests that the most pollution-intensive facilities actually tend to have
higher emissions when they are environmentally exposed. The parametric
estimate of δ for the abatement conditioning effect is shown in column (E).
Here, the effect of environmental exposure is again consistent with the the-
ory (the estimated γ is 0.46), but the abatement ladder effect (the estimated
δ exponent) is negative. Lastly, the scale elasticities β are estimated in the
neighbourhood of 0.2—that is, a 10% increase in employment (the plant size
proxy) leads to a 2% increase in emissions.

The results from the emission level regressions cast a dark shadow on
the validity of the regulatory threat hypothesis. In particular, the negative δ
estimate raises numerous possibilities: the theory may be flawed or incom-
plete; there is no evidence of regulatory threat; the empirical implementa-
tion is incorrect; or another mechanism than regulatory threat is determin-
ing the outcome. To address potential problems with the empirical imple-
mentatino, the case for or against the effectiveness of green regulatory threat
is further investigated through the alternative empirical specifications (34)
and (35) that appear to provide greater econometric robustness.

Why are the cleanest facilities the most responsive to their environmen-
tal exposure? This is in fact not inconsistent with the theory if facilities with
the lowest pollution intensity are the ones with the lowest unit abatement
cost. Thus they would tend to reduce emissions in response to the threat
of even low emission taxes. In this case the incentive constraint (which is
driven by the level of the threatened emission tax) empirically dominates
the participation constraint (which is driven by the level of the threatened
emission standard). The empirical implementation was predicated on the
assumption that the observable participation constraint ranking is nega-
tively correlated with the unobservable incentive constraint ranking, so that
ξ captures both constraints in the same direction. The negative estimate for
δ raises the possibility that this assumption is incorrect, and that z and b are
perhaps positively correlated.

6.2 Emission Level Changes

The time-differenced estimating equations (34) and (35) provide several
econometric advantages over their emission-level counterparts (31) and (32).
In addition to dealing effectively with the fixed-effects problem and auto-
correlation in the dependent variable, they also provide for a relaxation of
the assumption that δ or ξ̄ are equal across pollutants. I explore this possi-
bility by estimating versions of estimating equations (34) and (35) where all
parameters are pollutant-specific. Results for these pollutant-by-pollutant
regressions are shown in table 4 for the parametric implementation based
on (35) and in table 5 for the nonparametric implementation based on (34).
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Regression results are shown for the top-35 ranked pollutants except those
where regressions would have been based on fewer than 20 observations.

The estimates of η̃ that correspond to the change in environmental ex-
posure are in most cases positive and significant. There is only one case
(sulfuric acid) with a negative and significant estimate that appears incon-
sistent with the role of environmental exposure in steady state. When sig-
nificant and positive, the estimates range between 0.2 and 1.5. Because η is
not estimated all that precisely, the estimates in the table are shown with-
out the Delta-method transformation that were employed in table 3. Note
that an imprecise η (not significantly different from zero) may lead to a sign
reversal for γ = γ̃/(1− η̂) when η̂ > 1.

Turning to the level of environmental exposure, the estimates of γ̃ in ta-
ble 4 are positive whenever they are significant. In those cases they range
typically between 0.05 and 0.10. There are two pollutants for which γ̃ is no-
ticeably higher: ethylene oxide (0.247) and aluminum fumes or dust (0.171).
The estimates of δ are inconclusive. They are never estimated precisely. In
the majority of cases they are small and positive (between about 0.05 and
0.15), in some cases they are very large (napthalene, butadiene), and in a few
instances they are very small and negative. Overall, the results for γ̃ and δ
are broadly consistent with the hypothesis of green regulatory threat for nu-
merous (in particular high-ranked) pollutants. However, the magnitude of
the effect is very small. For example, A 10% increase in environmental expo-
sure of manganese compounds only leads to an annual emission reduction
of about 0.7%.

The estimates for the scale effect (change in employment) provide a
mixed picture. When significant, β̃ is positive in five cases and negative
in one case. When positive and significant, the estimates are mostly quite
plausible, between about 0.4 and 1.5. The scale effect for vinul chloride (5.4)
is suspiciously high, while the estimate for chromium compounds (–1.3) is
implausibly negative.

Overall, the two pollutants with the most observations (toluene and
methanol) provide a picture that is broadly consistent with the green reg-
ulatory threat hypothesis. While weaker for other substances, there are no
cases that suggest an outright rejection of the regulatory threat hypothesis.

Table 5 shows the results for the nonparametric method. It focuses on
the estimates of γ̃ conditional on particular thresholds ξ̄; the estimates of
the other parameters are suppressed. The first four columns show γ̃ esti-
mates for ξ̄ ∈ {0, 0.25, 0.5, 0.75}, and the last column shows the ξ̄ with the
highest likelihood. In the first four columns the figures in parentheses are
t-statistics, but in the last column they are χ2 statistics for a log-likelihood
ratio test of the unrestricted case γ̃ 6= 0 against the restricted case γ̃ = 0. The
unrestricted case is always preferred. Similar to the results in table 4, γ̃ is
always positive when significant, across all four thresholds. In many cases
only the γ̃|ξ̄ = 0 case is significant. However, there are several cases where
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a high ξ̄ is preferred. This could be taken as evidence of a participation
constraint that would trigger abatement only for the plants with the highest
pollution intensity. But even in those cases the estimate for γ̃|ξ = 0 is often
higher (albeit less statistically significant). Similar to the results from the
emission-level regressions, there is again evidence that the low-intensity
polluters seem to react stronger to their environmental exposure than the
high-intensity polluters. This may suggest that the exposure rank index ξ
may not appropriately capture the order in which plants may commence
abatement effort.

Finally, table 6 presents results for regressions across all pollutants, ex-
ploiting the cross-sectional information contained in the dataset. Columns
(A) and (C) show estimates for the restricted case δ = 0, while columns
(B) and (D) show estimates for the unrestricted case. Compared to columns
(A) and (B), columns (C) and (D) decompose the environmental exposureX
into its three constituent elements. The regressions in (C) and (D) are merely
explorative because theory suggests only a joint multiplicative effect, not
additively-seperable partial effects. Nevertheles, the results in columns (C)
and (D) shed light on the relative importance of the three constituent ele-
ments. As could be expected, size and pollution intensity contribute the
most to the environmental exposure effect, followed by pollution toxicity
and lastly population exposure. The preferred specification is shown in col-
umn (B), where it becomes apparent that a 10% increase in environmental
exposure leads to annual emission reductions of about 0.5% across pollu-
tants and facilities. Here, the estimate of γ was again obtained through
application of the Delta method, i.e., γ = γ̂/(1 − η̂). The estimate for the
steady-state behaviour of environmental exposure indicates that changes in
environmental exposure reduce emissions: a 10% change in X leads to a
3.9% change in Z. Scale effects, as proxied by changes in employment, af-
fect emission levels to a much smaller extent than could be expected. A 10%
change in employment translates into a modest 1.1% increase in emission
levels.31 Lastly, the estimate of δ that captures the effect of the abatement
ladder index ξ is positive and significant at around 0.127 in the preferred
specification (B). Judging by the negative estimate in column (D), however,
this may not be a robust result.

6.3 Extensions

To verify the robustness of the key results in table 6, it is worthwhile looking
at two further sets of regressions. In table 7 we show results based on es-
timating equations (34) and (35) where the dataset only includes pollutants

31Quite possibly, employment is slow to adjust in response to changes in output. In this
case employment is a poor proxy for capturing scale effects in a sample with not enough
longitudinal variation. Furthermore, variations in capital may be a more important deter-
minant than variations in labour input.
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that are listed on CEPA Schedule 1 or the original CEPA Toxic list. Pre-
sumably, regulatory threat is most pronounced for subtances that the gov-
ernment has earmarked for potential regulation. The empirical estimates
shown in table 7 do not differ dramatically from the results shown in table 6.
The estimate of γ is virtually unchanged; there is no evidence of accelerated
emission reductions. However, the estimate of η (the long-term effect) is
about 50% larger, which may indicate somewhat greater responsiveness of
plants for these types of pollutants.

A second robustness check focuses on the emission stream. Emissions
into air are particularly suited for empirical analysis because of the radial
attenuation of emissions; other emission streams exhibit more complex at-
tenuation function. While the estimate of γ̃ shows little change compared
to the baseline (table 6, column B), the estimate of η̃ becomes statistically
insignificant and exhibits sign instability across specifications. Because η̃ is
estimated so imprecisely, the Delta-method transformation of γ = γ̃/(1− η̃)
reduces the significance of γ. If anything, the results should have become
statistically stronger by focusing on the emission stream that is more “fit-
ting” for this type of analysis. These weak empirical results certainly do not
strengthen the case for the effectiveness of green regulatory threat.

7 Conclusions

Policy makers have turned to the possibility that the threat of environmental
regulation may be an effective instrument to reduce harmful emissions by
enticing firms into voluntary abatement effort. This paper’s main objective
is to identify the effectivenes of green regulatory threat based on plant-level
data from Canada’s National Pollutant Release Inventory (NPRI).

The theoretical model developed in this paper delivers several impor-
tant insights into the mechanics of green regulatory threat. First, firms de-
termine their own voluntary abatement effort based on the environmental
exposure caused by their emissions. Environmental exposure is a measure
that combines the effect from (a) the level of emissions as determined by
the plant’s size and pollution intensity; (b) the toxicity of the emitted pollu-
tants; and (c) the size of the population at risk.

Second, the abatement response of an individual firm or plant is con-
ditioned on its rung on an abatement ladder which marks its position rela-
tive to other firms with respect to their (a) unabated emission intensity, and
(b) abatement unit cost. When (actual or threatened) regulation involves a
combination of emission standards and emission taxes, a plant’s abatement
ladder rung is responsible for determining whether or not it will carry out
abatement.

Third, regulatory threat is only effective if, perversely, the threat is not
too intense. If the threat is too intense (and thus the introduction of regu-
lation is expected to be soon), firms will prefer to hold out and wait for the
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regulation, meanwhile benefiting from not incuring abatement costs.
The empirical strategy for identifying the effectiveness of green regula-

tory threat is predicated on the interaction of a firm’s own environmental
exposure with an abatement ladder index that captures the cumulative en-
vironmental exposure of facilities on lower rungs of the abatement ladder.
Due to data limitations, the abatement ladder index used in this paper is
based on pollution intensity data only. A measure of environmental ex-
posure is constructed by combining NPRI data with, primarily, pollutant
toxicity data from the U.S.-EPA’s Chronic Human Health Indicator, and
population data from the CIESIN Gridded Population of the World (GPW)
database.

The empirical strategy faces several problems and limitations. Regres-
sions based on the level of emissions are subject to fixed effects across facil-
ities and pollutants, acknowledging the lack of data on unabated emission
intensities. This leaves just the time dimension for identifying the effect of
green regulatory threat. These limitations can be dealt with by also con-
sidering time-differenced (rate-of-change) regressions which eliminate the
fixed-effects problem as well as address the autocorrelated nature of emis-
sion levels. In these regressions the effect of regulatory threat is identified
through the assumption that plants adjust to the optimal abatement level
over the course of several years after they learn initially about their envi-
ronmental exposure.

The empirical work paints a picture that is not entirely conclusive. The
results from emission level regressions suggest the possibility that regula-
tory threat may be present, but that the identification assumption (an in-
verse correlation between abatement unit cost and pollution intensity) may
be incorrect. Instead, the “low-hanging fruit” of pollution abatement may
perhaps be found at low-intensity polluters. This tends to favor (threatened
or actual) emission standards based on “best-of-class” comparisons.

Evidence from the (econometrically superior) time-differenced regres-
sions paints a different picture. There the empirical evidence is broadly
consistent with the green regulatory threat hypothesis. Based on the pre-
ferred regression (table 6, column B), in response to a 10% increase in envi-
ronmental exposure, plants reduce emissions only by about 0.5% annually.

The empirical work suffers from numerous shortcomings in the compre-
hensiveness and quality of data. Faced with these limitations, the empiri-
cal results are not alltogether conclusive. While the results from different
econometric specifications seem to be modestly supportive of the existence
of a green regulatory threat effect, the environmental magnitude of the ef-
fect is rather small in Canada. Green regulatory threat does not appear to
be very effective in reducing emissions.
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Table 1: Environmental Exposure Ranking
CEPA EPA-CHHI Emission Stream Composition [%] Emission Exposure

CAS Name Reports J+ Sch.1 Toxic oral inhale Air Water Subsoil Land Onsite Offsite tons/yr. lnXc

1 NA - 08 Lead compounds ••••••• 221 yes no 100 100 41.9 5.5 52.6 27.3 72.7 1,589 20.03
2 7664-93-9 Sulfuric acid ••••••• 309 no no 10·10−6 1.4 34.4 65.6 0.1 80.3 19.7 19,862 17.03
3 10049-04-4 Chlorine dioxide ••••••• 45 no no 9 9 99.9 0.1 100.0 1,330 16.84
4 NA - 04 Chromium Compounds ••••••• 314 no yes 170·10−3 86 2.7 3.0 94.3 22.4 77.6 932 16.80
5 NA - 02 Arsenic compounds ••••••• 85 no yes 3 31 5.8 0.7 90.0 3.5 96.0 4.0 2,362 16.73
6 NA - 09 Manganese compounds ••••••• 312 no no 3.6·10−3 36 3.3 11.3 85.4 33.0 67.0 2,706 16.63
7 111-42-2 Diethanolamine ••••••• 84 no no 360·10−3 18 14.5 2.1 80.6 2.7 78.9 21.1 763 15.85
8 NA - 11 Nickel compounds ••••••• 227 no yes 25·10−3 3.5 68.2 8.4 23.5 56.0 44.0 701 15.61
9 7723-14-0 Phosphorus (yellow or white) ••••••• 20 no no 25 25 0.6 31.3 68.1 65.8 34.2 18 15.28

10 NA - 05 Cobalt compounds ••••••• 48 no no 90 26.1 3.2 70.6 83.1 16.9 57 15.01
11 7647-01-0 Hydrochloric acid ••••••• 229 no no 90·10−3 90·10−3 97.7 0.8 1.1 0.3 69.3 30.7 6,497 14.16
12 71-43-2 Benzene ••••••• 142 no yes 58·10−3 56·10−3 95.4 0.1 4.1 0.3 91.6 8.4 2,102 14.02
13 95-63-6 Trimethylbenzene, 1,2,4- ••••••• 129 no no 1 300·10−3 99.6 0.1 0.1 0.2 87.7 12.3 508 14.01
14 75-21-8 Ethylene oxide ••••••• 10 no no 2 2 99.9 0.1 99.4 0.6 38 13.95
15 7664-41-7 Ammonia ••••••• 340 no no 18·10−3 56.7 19.6 22.9 0.9 96.8 3.2 32,203 13.73
16 NA - 03 Cadmium compounds ••••••• 44 no yes 1 13 76.8 8.1 15.1 2.5 97.5 46 13.67
17 79-01-6 Trichloroethylene ••••••• 73 no yes 71·10−3 71·10−3 100.0 93.3 6.7 742 13.51
18 1332-21-4 Asbestos (friable) ••••••• 85 yes no 1·10+3 100.0 43.8 56.2 1,406 13.34
19 91-20-3 Naphthalene ••••••• 59 no no 25·10−3 600·10−3 98.3 0.2 0.1 1.4 52.3 47.7 76 13.28
20 106-99-0 Butadiene, 1,3- ••••••• 16 no no 2 2 100.0 78.7 21.3 185 13.28
21 7550-45-0 Titanium tetrachloride ••••••• 3 no no 100 100 100.0 79.9 20.1 1 13.27
22 108-88-3 Toluene ••••••• 435 no no 2.5·10−3 4.5·10−3 99.0 0.1 0.7 0.2 70.8 29.2 6,985 13.18
23 75-07-0 Acetaldehyde ••••••• 41 no no 200·10−3 200·10−3 82.8 3.3 13.8 99.1 0.9 344 13.04
24 26471-62-5 Toluene diisocyanate (m.i.) ••••••• 24 no no 78·10−3 26 100.0 1.9 98.1 † 12.88
25 50-00-0 Formaldehyde ••••••• 133 no no 2.5·10−3 93·10−3 83.1 13.1 3.7 0.1 84.0 16.0 1,279 12.62
26 79-06-1 Acrylamide ••••••• 7 no no 9 9.3 32.1 45.5 22.5 72.0 28.0 3 12.51
27 75-01-4 Vinyl chloride ••••••• 9 yes no 3.8 3.8 99.3 0.7 99.0 1.0 26 12.51
28 75-09-2 Dichloromethane ••••••• 92 no yes 15·10−3 3.4·10−3 100.0 93.2 6.8 2,165 12.46
29 7429-90-5 Aluminum (fume or dust) ••••••• 63 no no 5·10−3 360·10−3 6.5 11.0 82.4 7.0 93.0 737 12.38
30 74-83-9 Bromomethane (methyl bromide) ◦•••••◦ 2 no no 360·10−3 360·10−3 100.0 100.0 11 12.07

Note: The ‘CAS’ column provides Chemical Abstract Service codes that uniquely identify chemicals. ‘Schedule 1’ and ‘Toxic’ are priority subtances identified through the 1999 Canadian Environmental
Protection Act. ‘Schedule 1’ substances underwent review before they were declared toxic, while ’Toxic’ subtances were identified in the Act but were not subject to the review process. CHHI is the EPA Chronic
Human Health Indicator, expressed in Methanol-equivalent units. ‘Reports’ indicates if positive emissions where reported in a given report year, starting with 1993. A ◦ indicates zero reports, and a • indicates
positive reports. J+ is the number of facilities reporting positive emissions of this pollutant. The emission stream decomposition (air, water, subsoil, land) is relative to the onsite emissions. Column ‘Emissions’
reports the average tonnage of onsite emissions per year (unadjusted for toxicity), and column ‘Exposure’ shows the corresponding environmental exposure aggregate.
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Table 2: Environmental Exposure Ranking — CEPA-Identified Substances
CEPA EPA-CHHI Emission Stream Composition [%] Emission Exposure

CAS Name Map N Sch.1 Toxic oral inhale Air Water Subsoil Land Onsite Offsite tons/yr. lnXc

1 NA - 08 Lead compounds ••••••• 221 yes no 100 100 41.9 5.5 52.6 27.3 72.7 1,589 20.03
4 NA - 04 Chromium Compounds ••••••• 314 no yes 170·10−3 86 2.7 3.0 94.3 22.4 77.6 932 16.80
5 NA - 02 Arsenic compounds ••••••• 85 no yes 3 31 5.8 0.7 90.0 3.5 96.0 4.0 2,362 16.73
8 NA - 11 Nickel compounds ••••••• 227 no yes 25·10−3 3.5 68.2 8.4 23.5 56.0 44.0 701 15.61

12 71-43-2 Benzene ••••••• 142 no yes 58·10−3 56·10−3 95.4 0.1 4.1 0.3 91.6 8.4 2,102 14.02
16 NA - 03 Cadmium compounds ••••••• 44 no yes 1 13 76.8 8.1 15.1 2.5 97.5 46 13.67
17 79-01-6 Trichloroethylene ••••••• 73 no yes 71·10−3 71·10−3 100.0 93.3 6.7 742 13.51
18 1332-21-4 Asbestos (friable) ••••••• 85 yes no 1·10+3 100.0 43.8 56.2 1,406 13.34
27 75-01-4 Vinyl chloride ••••••• 9 yes no 3.8 3.8 99.3 0.7 99.0 1.0 26 12.51
28 75-09-2 Dichloromethane ••••••• 92 no yes 15·10−3 3.4·10−3 100.0 93.2 6.8 2,165 12.46
37 127-18-4 Tetrachloroethylene ••••••• 50 no yes 50·10−3 50·10−3 99.9 66.1 33.9 158 11.30
44 NA - 10 Mercury compounds ••••••• 20 yes no 6 6 92.4 6.1 1.5 3.4 96.6 3 10.83
55 56-23-5 Carbon tetrachloride ••••••• 11 yes no 710·10−3 110·10−3 83.1 16.9 33.1 66.9 10 9.67
56 117-81-7 Di(2-ethylhexyl) phthalate ••••••• 46 no yes 28·10−3 28·10−3 44.4 55.6 39.3 60.7 41 9.55
60 107-06-2 Dichloroethane, 1,2- ••••••• 10 no yes 180·10−3 190·10−3 96.2 1.3 2.5 92.0 8.0 16 9.26

Note: The ‘CAS’ column provides Chemical Abstract Service codes that uniquely identify chemicals. ‘Schedule 1’ and ‘Toxic’ are priority subtances identified through the 1999 Canadian Environmental
Protection Act. ‘Schedule 1’ substances underwent review before they were declared toxic, while ’Toxic’ subtances were identified in the Act but were not subject to the review process. CHHI is the
EPA Chronic Human Health Indicator, expressed in Methanol-equivalent units. ‘Report’ indicates if positive emissions where reported in a given report year, starting with 1993. A ◦ indicates zero
reports, and a • indicates positive reports. N is the number of facilities reporting positive emissions of this pollutant. The emission stream decomposition (air, water, subsoil, land) is relative to the
onsite emissions. Column ‘Emissions’ reports the average tonnage of onsite emissions per year (unadjusted for toxicity), and column ‘Exposure’ shows the corresponding environmental exposure
aggregate.
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Table 3: Environmental Exposure Ranking by Plant
Rank Emission Exposure

a b c ID Company: Facility Location tons lnX
1 6 8 1651 Gerdau Mrm Steel Inc.: Mrm Steel Selkirk, MB 54,783 19.34
2 1 1 3824 Co-Steel Lasco: Whitby, ON 41,708 19.31
3 2 2 1106 AltaSteel Ltd.: AltaSteel Ltd Edmonton, AB 25,847 19.22
4 3 3 0444 Inco Limited: Copper Cliff Smelter Complex Copper Cliff, ON 59,623 19.21
5 5 5 3623 Noranda Inc: Fonderie Horne Rouyn-Noranda, QC 89,756 18.79
6 11 19 3802 Cominco Ltd.: Trail Operations Trail, BC 27,281 18.63
7 4 4 3649 Ispat Sidbec Inc.: Acierie Contrecoeur, QC 82,808 18.32
8 7 14 3414 Hudson Bay Mining and Smelting Company L: Hbm+S Co., Ltd. - Metallurgical Complex Flin Flon, MB 62,113 18.15
9 12 13 3571 Communauté urbaine de Montréal: Station d’épuration des eaux usées Montréal, QC 1,070 17.79

10 19 26 5246 Gerdau Mrm Steel Inc.: Mandak Metal Processors Selkirk, MB 18,538 17.50
11 13 12 1467 Inco Limited: Copper Cliff Nickel Refinery Copper Cliff, ON 9,120 17.34
12 24 25 4221 Miramar Giant Mine Limited: Giant Mine Yellowknife, NT 23,012 17.30
13 14 6 3655 Ispat Sidbec Inc.: Sidbec-Feruni (Ispat) Inc. Contrecoeur Contrecoeur, QC 43,042 17.29
14 16 16 4739 Dominion Castings Ltd.: Hamilton, ON 1,112 17.27
15 15 11 2256 Tonolli Canada Limited: Tonolli Canada Ltd. Mississauga, ON 861 17.22
16 10 10 4723 Vancouver Wharves Limited Partnership: Vancouver Wharves Limited North Vancouver, BC 1,108 17.19
17 18 18 4526 Menasco Aerospace: Bf Goodrich Aerospace Landing Gear Divis Oakville, ON 1,860 17.13
18 20 15 4435 City of Toronto: Highland Creek Treatment Plant Toronto, ON 981 17.11
19 22 21 0158 Canada Metal (Est) Ltee: Usine St-Léonard St-Léonard, QC 310 17.04
20 25 22 3916 Noranda inc.: Affinerie Ccr Montréal-Est, QC 441 17.03
21 26 32 1197 Domtar Papers: Cornwall Business Unit Cornwall, ON 3,054 17.02
22 9 9 0732 Metalex Products Ltd.: Richmond, BC 1,079 16.89
23 23 24 3713 Dofasco Inc.: Dofasco Hamilton Hamilton, ON 724 16.84
24 17 20 2161 Slater Steels Inc.: Hamilton Specialty Bar Division Hamilton, ON 895 16.84
25 21 17 2984 Stelco Inc.: Hilton Works Hamilton, ON 1,238 16.68
26 29 30 0930 Bowater Pulp and Paper Canada Inc.: Thunder Bay Operations Thunder Bay, ON 3,144 16.45
27 27 23 2844 Ontario Power Generation Inc.: Lakeview Gs Mississauga, ON 668 16.03
28 30 27 4204 Sydney Steel Corporation: Sydney Steel Corp. Sydney, NS 14,511 15.99
29 8 7 2537 Safety-Kleen Ltd.: Lambton Facility Corunna, ON 16,011 15.98
30 33 34 3998 Nova Scotia Power Inc.: Tufts Cove Generating Station Dartmouth, NS 616 15.94

Note: The first three columns ‘a,’ ‘b,’ and ‘c’ indicate the rank of a facility based on its environmental exposure index, where ‘a’ corresponds to the narrow (2km) radius, medium
(11km) radius, and wide (14km) radius. Column ‘Emissions’ reports the average tonnage of onsite emissions per year (expressed in toxicity-adjusted methanol-equivalent units), and
column ‘Exposure’ shows the corresponding environmental exposure aggregate. Province codes are: AB–Alberta, BC–British Columbia, MB–Manitoba, NS–Nova Scotia, NT–Northwest
Territory, ON–Ontario, QC–Québec.
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Table 4: Emision Level Regression Estimates (All Pollutants)

(A) (B) (C) (D) (E)
Employment β = β̃/(1− γ̃) 0.247c(7.824) 0.178c(9.372) 0.181c(9.471) 0.184c(9.452) 0.289c(9.635)
Environmental Exposure γ = γ̃/(1− γ̃) 0.436c(9.598) −0.102c(21.97) −0.099c(18.98) −0.086c(13.65) 0.460c(15.74)
Abatement Ladder Index δ −0.076c(33.92)
Log Likelihood lnL -24330 -24196 -24261 -24353 -23192
Observations 19,675 19,675 19,675 19,675 19,675
Fixed Effects 5,282 5,282 5,282 5,282 5,282
Facilities J 1482 1482 1482 1482 1482
Chemicals K 125 125 125 125 125

Note: T-statistics are shown in parenthesis. The estimates and their t-statistics shown in the table were obtained through application of the Delta method to the raw estimates (indicated by
a tilde above the symbol). The transformations are β = β̃/(1 − γ̃) and γ = γ̃/(1 − γ̃). Statistical significance at the 95%, 99% and 99.9% level is indicated by the superscripts a, b, and c,
respectively.
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Table 5: Pollutant-by-Pollutant Rate-of-Change Regression Estimates, Parametric Treatment

Rank CAS Chemical Name Obs. α̃ β̃ γ̃ δ η̃

1 NA - 08 Lead compounds 378 0.004 (.034) 0.447c (3.53) 0.025 (1.67) 0.119 (.511) 2.509 (.620)
2 7664-93-9 Sulfuric acid 365 0.190 (1.79) 0.092 (.174) 0.067c (5.39) 0.139 (1.78) −0.240c (6.89)
4 NA - 04 Chromium Compounds 280 0.445b (2.96) −1.309c (4.76) 0.068c (3.55) −0.044 (.860) 0.608c (13.1)
5 NA - 02 Arsenic compounds 101 0.191 (1.57) 0.024 (.036) 0.029 (1.18) 0.113 (.474) 0.682 (1.96)
6 NA - 09 Manganese compounds 386 0.189 (1.05) 0.439c (5.25) 0.043b (2.71) 0.083 (.594) 0.398c (20.8)
7 111-42-2 Diethanolamine 187 0.139 (.885) −0.135 (.144) 0.090c (3.64) 0.079 (.567) 0.407c (7.23)
8 NA - 11 Nickel compounds 254 0.400b (2.92) −0.282 (1.63) 0.073c (3.98) −0.000 (.004) 0.084a (2.52)

10 NA - 05 Cobalt compounds 54 0.256 (.386) 0.384 (.748) 0.051 (.715) −0.117 (.781) 0.256a (2.39)
11 7647-01-0 Hydrochloric acid 340 0.605b (3.21) 0.912c (3.69) 0.075c (4.74) 0.001 (.037) 1.826 (.332)
12 71-43-2 Benzene 446 0.026 (.355) −0.025 (.087) 0.041c (3.53) 0.400 (1.20) −1.963 (.747)
13 95-63-6 Trimethylbenzene, 1,2,4- 330 0.088 (1.37) −0.036 (.159) 0.047c (3.46) 1.003 (1.10) −0.682 (1.26)
14 75-21-8 Ethylene oxide 37 1.322 (1.25) 0.373 (.273) 0.247b (3.44) 0.069 (.494) −29.24 (1.16)
15 7664-41-7 Ammonia 521 0.380a (2.48) 0.071 (.454) 0.056c (4.40) 0.068 (.937) 0.167c (9.71)
16 NA - 03 Cadmium compounds 50 −0.025 (.048) −0.096 (.098) 0.022 (.383) 0.044 (.065) 0.433c (4.13)
17 79-01-6 Trichloroethylene 146 1.015c (6.83) 0.322 (.893) 0.091c (7.60) −0.008 (.199) −5.004 (1.10)
19 91-20-3 Naphthalene 166 0.007 (.092) 0.078 (.237) 0.127c (3.75) 18.946 (.608) −1.862 (1.24)
20 106-99-0 Butadiene, 1,3- 53 −0.041 (.229) −0.011 (.010) 0.092b (3.19) 134.12 (.001) 3.707 (.488)
22 108-88-3 Toluene 1250 0.099a (2.45) 0.049 (.456) 0.030c (4.14) 0.362 (1.90) 1.457c (3.37)
23 75-07-0 Acetaldehyde 42 −0.193 (.516) 0.179 (.161) −0.013 (.350) 0.229 (.081) 9.316 (.504)
24 26471-62-5 Toluene diisocyanate (m.i.) 45 0.030 (.106) −0.379 (.559) −0.016 (.131) 2.008 (.047) −2.296 (.190)
25 50-00-0 Formaldehyde 293 0.398 (1.58) 0.245 (.714) 0.062b (2.67) 0.166 (.908) 1.106c (6.77)
27 75-01-4 Vinyl chloride 25 0.456 (.306) 5.483c (4.86) 0.091 (.636) 0.030 (.102) −11.84 (.468)
28 75-09-2 Dichloromethane 207 0.444 (1.67) −0.281 (.684) 0.041a (2.27) −0.029 (.478) −1.568 (.477)
29 7429-90-5 Aluminum (fume or dust) 82 1.783c (5.08) 1.542c (6.22) 0.171c (6.46) −0.062 (1.42) 0.912c (3.98)
32 78-93-3 Methyl ethyl ketone 546 0.244 (1.95) 0.086 (.575) 0.031b (2.94) 0.158 (.851) 0.135 (.076)
33 NA - 01 Antimony compounds 38 0.385 (1.09) −1.107 (.654) 0.071 (1.56) 0.300 (.648) 29.111 (1.38)
34 NA - 06 Copper compounds 509 0.174 (1.48) −0.118 (.334) 0.050c (4.41) 0.061 (.774) −3.012 (.738)
35 67-56-1 Methanol 874 0.434c (6.28) 0.182 (1.56) 0.060c (6.06) 0.092 (1.41) 2.790 (1.08)

Note: The pollutants are shown in descending order of their environmental exposure. T-statistics are shown in parenthesis. Parameter estimates have not been transformed through application of the Delta
method. Statistical significance at the 95%, 99% and 99.9% level is indicated by the superscripts a, b, and c, respectively.
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Table 6: Pollutant-by-Pollutant Rate-of-Change Regression Estimates, Non-Parametric Treatment

Rank CAS Chemical Name Obs. γ̃|ξ ≥ 0 γ̃|ξ ≥ 0.25 γ̃|ξ ≥ 0.5 γ̃|ξ ≥ 0.75 ξ̄

1 NA - 08 Lead compounds 378 0.020 (1.75) 0.007 (.511) 0.014 (.863) 0.024 (1.32) 0.00c (3.46)
2 7664-93-9 Sulfuric acid 365 0.055c (5.14) 0.046c (3.66) 0.060c (4.01) 0.060c (4.01) 0.00c (13.2)
4 NA - 04 Chromium Compounds 280 0.069c (3.87) −0.001 (.015) 0.004 (.064) 0.004 (.064) 0.00c (12.3)
5 NA - 02 Arsenic compounds 101 0.022 (1.51) 0.015 (.602) 0.007 (.246) 0.007 (.246) 0.00c (1.82)
6 NA - 09 Manganese compounds 386 0.042a (2.48) 0.012 (.989) 0.019 (1.51) 0.019 (.640) 0.00c (7.35)
7 111-42-2 Diethanolamine 187 0.079c (3.57) 0.043 (1.95) 0.054a (2.36) 0.068b (2.78) 0.00c (9.90)
8 NA - 11 Nickel compounds 254 0.073c (4.47) 0.020 (1.11) 0.023 (.917) −0.003 (.053) 0.00c (14.3)

10 NA - 05 Cobalt compounds 54 0.035 (.452) −0.010 (.258) −0.021 (.519) 0.005 (.109) 0.00c (.739)
11 7647-01-0 Hydrochloric acid 340 0.075c (4.77) 0.023 (1.70) 0.033a (2.19) 0.024 (1.51) 0.00c (16.6)
12 71-43-2 Benzene 446 0.027b (2.64) 0.034c (3.63) 0.029b (2.69) 0.029b (2.63) 0.25c (17.0)
13 95-63-6 Trimethylbenzene, 1,2,4- 330 0.016 (1.28) 0.030b (3.18) 0.032b (3.28) 0.037c (3.47) 0.75c (12.5)
14 75-21-8 Ethylene oxide 37 0.237b (3.43) 0.077 (1.63) 0.097b (2.96) 0.097b (2.96) 0.00c (11.8)
15 7664-41-7 Ammonia 521 0.055c (4.14) 0.013 (1.15) 0.014 (1.09) 0.004 (.154) 0.00c (19.6)
16 NA - 03 Cadmium compounds 50 0.023 (.439) 0.001 (.023) 0.011 (.502) 0.002 (.085) 0.00c (.263)
17 79-01-6 Trichloroethylene 146 0.090c (7.54) 0.022a (1.99) 0.010 (.652) 0.007 (.359) 0.00c (17.6)
19 91-20-3 Naphthalene 166 0.072b (2.77) 0.042a (2.24) 0.050b (2.82) 0.069b (2.97) 0.75c (8.92)
20 106-99-0 Butadiene, 1,3- 53 0.108 (1.41) 0.070a (2.34) 0.070a (2.34) 0.070a (2.34) 0.25c (4.90)
22 108-88-3 Toluene 1250 0.015b (2.90) 0.014b (2.90) 0.015a (2.58) 0.011 (.995) 0.25c (13.0)
23 75-07-0 Acetaldehyde 42 −0.008 (.170) −0.014 (.456) 0.004 (.089) 0.004 (.099) 0.25c (.429)
24 26471-62-5 Toluene diisocyanate (m.i.) 45 −0.003 (.041) −0.014 (.259) −0.017 (.297) −0.020 (.343) 0.75c (.448)
25 50-00-0 Formaldehyde 293 0.067b (2.63) 0.033b (3.07) 0.028a (2.32) 0.028a (2.12) 0.00c (10.3)
27 75-01-4 Vinyl chloride 25 0.097 (.772) 0.029 (.559) 0.029 (.559) −0.022 (.368) 0.00c (1.65)
28 75-09-2 Dichloromethane 207 0.034a (2.09) 0.003 (.194) 0.011 (.590) 0.001 (.031) 0.00c (3.00)
29 7429-90-5 Aluminum (fume or dust) 82 0.144c (5.34) 0.011 (.193) 0.015 (.256) 0.012 (.195) 0.00c (10.6)
32 78-93-3 Methyl ethyl ketone 546 0.032b (2.68) 0.010 (1.48) 0.005 (.395) 0.000 (.013) 0.00c (5.49)
33 NA - 01 Antimony compounds 38 0.051 (1.21) 0.056 (1.49) 0.056 (1.49) −0.004 (.088) 0.25c (3.39)
34 NA - 06 Copper compounds 509 0.045c (4.01) 0.006 (.528) 0.014 (1.04) 0.022 (1.61) 0.00c (15.8)
35 67-56-1 Methanol 874 0.051c (6.45) 0.023b (2.60) 0.017 (1.09) 0.023 (.720) 0.00c (31.7)

Note: The pollutants are shown in descending order of their environmental exposure. T-statistics are shown in parenthesis for the four γ estimates. Parameter estimates have not been transformed through
application of the Delta method. The χ2 statistics of a likelihood-ratio test is shown in parenthesis for the optimal ξ̄, comparing the restricted case (ξ̄ = 1) against the unrestricted case (x̄i < 1). Statistical
significance at the 95%, 99% and 99.9% level is indicated by the superscripts a, b, and c, respectively.
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Table 7: Rate-of-Change Regression Estimates (All Pollutants)

(A) (B) (C) (D)
Intercept α = α̃/(1− η̃) 0.270c (11.8) 0.222c (9.76) −0.111c (3.41) −0.232c (9.54)
Employment Change β = β̃/(1− η̃) 0.106c (3.38) 0.111c (3.51) 0.098b (3.13) 0.102c (3.30)
Env. Exposure γ = γ̃/(1− η̃) 0.044c (16.6) 0.051c (17.5)
Emission γ1 = γ̃1/(1− η̃) 0.029c (9.18) 0.017c (9.71)
Toxicity γ2 = γ̃2/(1− η̃) 0.029c (9.18) 0.017c (9.71)
Population γ3 = γ̃3/(1− η̃) 0.004 (1.22) −0.002 (.882)
Exposure Index δ 0.127c (5.26) −0.120c (21.7)
Env. Exposure Change η = γ̃/(1− η̃) 0.393c (26.7) 0.392c (26.6) 0.396c (26.8) 0.394c (27.1)
Observations 14403 14403 14403 14403
Facilities J 1214 1214 1214 1214
Chemicals K 109 109 109 109
Log Likelihood lnL -19950 -19919 -19818 -19716

Note: T-statistics are shown in parenthesis. Statistical significance at the 95%, 99% and 99.9% level is indicated by the superscripts a, b, and c, respectively. The
estimates and their t-statistics shown in the table were obtained through application of the Delta method to the raw estimates (indicated by a tilde above the symbol).
The transformation is shown in the table.
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Table 8: Rate-of-Change Regression Estimates (CEPA Pollutants Only)

(A) (B) (C) (D)
Intercept α = α̃/(1− η̃) 0.206b (2.95) 0.170a (2.34) −0.080 (.742) −0.349c (6.17)
Employment Change β = β̃/(1− η̃) 0.231c (3.34) 0.238c (3.41) 0.226b (3.26) 0.212b (3.17)
Env. Exposure γ = γ̃/(1− η̃) 0.050c (5.69) 0.053c (5.62)
Emission γ1 = γ̃1/(1− η̃) 0.037c (3.60) 0.011b (2.69)
Toxicity γ2 = γ̃2/(1− η̃) 0.037c (3.60) 0.011b (2.69)
Population γ3 = γ̃3/(1− η̃) 0.009 (.668) −0.005 (1.71)
Exposure Index δ 0.058 (1.08) −0.186c (9.43)
Env. Exposure Change η = γ̃/(1− η̃) 0.714c (15.1) 0.717c (15.2) 0.737c (15.0) 0.731c (15.5)
Observations 2077 2077 2077 2077
Facilities J 394 394 394 394
Chemicals K 15 15 15 15
Log Likelihood lnL -2820 -2819 -2805 -2771

Note: T-statistics are shown in parenthesis. Statistical significance at the 95%, 99% and 99.9% level is indicated by the superscripts a, b, and c, respectively. The
estimates and their t-statistics shown in the table were obtained through application of the Delta method to the raw estimates (indicated by a tilde above the symbol).
The transformation is shown in the table.
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