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Abstract. This paper provides an assessment of the impact of increased
economic integration within North America on industrial pollution intensities
within the Great Lake states of the United States. It utilizes a three-country,
applied general equilibrium model of the North American economy, data from
the World Bank’s Industrial Pollution Projection System, and employment
data from the US Bureau of Economic Analysis to simulate the industrial pol-
lution impacts of North American trade liberalization within the Great Lakes
region. The results reflect the liberalization of tari¤ and non-tari¤ barriers, their
trade and production impacts, state-level shares in the production changes, and
the resulting industrial e¿uent changes. Two trade liberalization experiments
show that, in many cases, the Great Lake states account for a substantial por-
tion of the total emission changes caused by North American economic inte-
gration. Of particular concern to the Great Lake states are the emissions of the
base metals, transportation equipment, and petroleum sectors.

JEL classification: C68, F14, Q2

1. Introduction

In the policy debates over NAFTA, the trade and environment issue has
been at center-stage, its importance being reflected in the creation of a North
American Commission for Environmental Cooperation. In the specific area of
trade and industrial pollution within North America, Grossman and Krueger
(1993), Reinert and Roland-Holst (2001a), and Reinert and Roland-Holst
(2001b) have provided economy-wide evidence for detailed pollutants in each
of the three countries of this free trade area. Much of the debate over trade and
industrial pollution in North America has focused on the US-Mexico border
region. Little attention, however, has focused on the environmentally-sensitive
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Great Lakes region. This paper takes up this latter region by examining the
implications of increased trade under NAFTA for industrial pollution in the
Great Lake states of the United States using an applied general equilibrium
approach.
The issue of industrial pollution in the Great Lakes is not just speculative.

It has entered into the discussions of the Great Lakes Regional Pollution Pre-
vention Roundtable, the Great Lakes Information Network, the Great Lakes
Pollution Prevention Initiative, and the Bi-National Toxins Strategy.1 Most
recently, concerns have been expressed over the impact of industrial pollutants
on the safety of Great Lakes fish for human consumption, sediment contam-
ination, and the safety of swimming in Great Lakes waters (US Department
of State and US Environmental Protection Agency, 2001). Levels of industrial
pollution in the Great Lakes region can directly impact human and aquatic eco-
system health.
This paper models the impact of trade liberalization in North America

under NAFTA on industrial pollution in the Great Lakes states of the United
States: Illinois, Indiana, Ohio, Michigan, Minnesota, New York, Pennsylva-
nia, and Wisconsin. It utilizes an applied general equilibrium model of North
America, state-level employment data from the US Bureau of Economic Anal-
ysis, and detailed e¿uent data from the World Bank’s Industrial Pollution Pro-
jection System. Two experiments provide initial estimates of NAFTA trade
liberalization on industrial pollution in these states. In many cases, the Great
Lakes states account for a substantial portion of the total US e¿uent changes
caused by North American economic integration. Of particular concern in this
regard is the highly-polluting base metal, transportation equipment, and petro-
leum sectors.
Section 2 describes the general equilibrium modeling approach utilized, as

well as its extension to provide regional e¿uent e¤ects. Section 3 presents the
results of two simulations, and Sect. 4 presents conclusions and final caveats.

2. General equilibrium modeling approach

There are a number of complementary approaches to analyzing the linkages be-
tween trade liberalization and industrial pollution.2 The applied general equi-
librium (AGE) approach used here is that developed by Lee and Roland-Holst
(1997). It has the advantage of providing an integrated assessment of produc-
tion, trade, intermediate demand (input-output linkages), final demand, and
pollution e¿uent levels. In doing so, it simulates the base-year economy with
certain counter-factual policy changes in place. The AGE approach to analyz-
ing trade-pollution linkages does have some limitations, however. To utilize the
terminology of Beghin and Potier (1997), it focuses primarily on sectoral com-
position e¤ects and static scale e¤ects but neglects dynamic scale (growth) ef-
fects and trade-liberalization-induced e‰ciency e¤ects. That said, suggestive
‘‘quasi-growth’’ e¤ects are provided through the relaxation of labor supply con-
straints. As implemented here, the AGE approach also does not account for the
way in which ‘‘non-market’’ valuations of environmental outcomes can influ-

1 See Allardice and Thorp (1995), Dworsky (1993), Lichty, McDonald, and Lamphear (1996),
and Valiente et al. (1997). On US regional trade with Canada and Mexico, see Nissan (1999).
2 For a review, see Huang and Labys (2000).
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ence household welfare and consumption behavior (e.g., Espinosa and Smith
1995). Nevertheless, the AGE modeling framework captures a number of es-
sential linkages in the trade and industrial pollution process.3
The AGE model used here has a base year of 1991. As detailed in the Ap-

pendix, it is a three-country model, incorporating production, consumption
and trade relationships in Canada, the United States, andMexico. The model is
calibrated to the three-country, multi-sector social accounting matrix detailed
in Reinert and Roland-Holst (2001b), thereby capturing both direct and in-
direct production (and therefore pollution) linkages.4 The trade specification
follows that of de Melo and Robinson (1989). In each sector of each country,
domestic demand is constituted of goods that are di¤erentiated by origin (do-
mestic good, imports from each North American trading partner, and imports
from the rest of the world) and destination (domestic good, exports to each
North American trading partner, and exports to the rest of the world) using
constant elasticity of substitution (CES) and constant elasticity of transforma-
tion (CET) functions, respectively. With regard to each country’s relationship
to the rest of the world, the small-country assumption of fixed world prices is
maintained. Exchange rates are flexible, while trade balances are fixed.
Production in each sector of each country utilizes physical capital and labor.

As is standard practice in AGE modeling, these factors are assumed to be per-
fectly mobile among the sectors of each country but immobile among countries.
Production takes place under constant returns to scale using CES functions for
value added and Leontief (fixed coe‰cient) functions for intermediates. Final
demand in each country is modeled using the linear expenditure system (LES)
functional form.
All markets are perfectly competitive, and two experiments bracket labor

supply within the empirically-relevant range of the zero/unity interval.5 The
two trade liberalization experiments considered involve the removal of both ob-
served tari¤s and non-tari¤ barriers (NTBs). For NTBs, very rough estimates
based on UNCTAD trade control measure data are used. As is general prac-
tice (e.g., Gaston and Trefler 1994), these NTB coverage ratios are utilized as
ad valorem equivalents.6
As mentioned in the introduction, industrial pollutant e¿uent data are

taken from the World Bank Industrial Pollution Projection System (IPPS).7
These data were originally collected using US data and therefore have particu-
lar applicability for the case of the Great Lakes states. These data are utilized at
the 3-digit level and, as recommended by their compilers, in their per-employee
form. Table 1 describes the IPPS pollutants. In the case of air pollution, the
IPPS data include particulates, carbon monoxide, sulfur dioxide, nitrogen diox-
ide, and volatile organic compounds. In the case of industrial bio-accumulative
metals and toxins, the data distinguish among transmission to air, water, and

3 For a cautionary analysis of AGE modeling in the environmental context, see Peters et al.
(1999).
4 This social accounting matrix is also utilized in the work of Jansen (2001). On pollution linkage
analysis, see Fritz et al. (1998) and Reinert and Roland-Holst (2001b).
5 See Killingsworth (1983). Behavioral elasticities of the above functions are reported in Reinert
and Roland-Holst (1998).
6 The NTB measures are detailed in Roland-Holst et al. (1994).
7 On the IPPS, see Hettige, Lucas and Wheeler (1992) and the references therein. See also the
New Ideas in Pollution Regulation website at www.worldbank.org/nipr/index.htm.
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land. Finally, in the case of water pollution, the data distinguish between bio-
logical oxygen demand and total suspended solids. The result is a significant
amount of detail in both sectoral and pollutant dimensions.
Estimate the impacts of North American economic integration on indus-

trial pollution within the Great Lakes states are made using 1991 state-level em-
ployment data from the US Bureau of Economic Analysis. Employment shares
by industry for Illinois, Indiana, Ohio, Michigan, Minnesota, New York, Penn-
sylvania, and Wisconsin are used to calculate the change in e¿uent levels for
each if the IPPS pollutants caused by North American economic integration
under the two experiments mentioned above. The calculation is that of Ap-
pendix Eq. 23:

Ei;US;m;GL ¼ ipmemi;GL;USLi;US

where Ei;US;m;GL is the emissions of IPPS pollutant m from sector i of the
Great Lakes region of the United States, ipm is the IPPS emissions coe‰cient
for pollutant m, emi;GL;US is the employment share of sector i in the Great
Lakes region of the United States, and Li;US is the employment of sector i in
the United States. As shown in this equation, changes in Li;US brought about
through trade liberalization translate into changes in Ei;US;m;GL.

Table 1. The industrial pollution projection system pollutants

Name Symbol Description

Particulates PT Fine airborne particles that can damage
respiratory systems.

Carbon monoxide CO A poisonous gas that inhibits the ability of
blood to carry oxygen.

Sulfur dioxide SO2 A gas that can contribute to respiratory
disease and acid rain.

Nitrogen dioxide NO2 A gas that contributes to both respiratory
disease and to the formation of acid rain
and ozone.

Volatile organic
compounds

VOC A class of chemicals associated with skin
reactions, nervous system e¤ects, sick-
building syndrome, and multiple chemical
sensitivity. Many are also suspected
carcinogens.

Bio-accumulative
metals

MetAir, MetWat,
MetLand

Metals, including mercury, lead, arsenic,
chromium, nickel, copper, zinc, and
cadmium. They contribute to mental and
physical birth defects.

Toxic pollutants ToxAir, ToxWat,
ToxLand

A class of chemicals that can damage internal
organs and neurological functions, cause
reproductive problems and birth defects.
Many are also suspected carcinogens.

Biological oxygen
demand

BOD Organic water pollutants that remove
dissolved oxygen. They can damage
aquatic species and promote the growth of
algae and pathogens.

Total suspended solids TSS Non-organic, non-toxic particles that can
damage aquatic ecosystems and promote
the growth of pathogens.

Source: World Bank
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3. Results

Experiment 1 simulates NAFTA trade liberalization under the assumption that
labor supplies are fixed. For this experiment, changes in industrial pollution
emissions in the Great Lakes states are presented in Table 2. Consider first the
changes in industrial air pollution. In the case of particulates, the two most im-
portant contributors are the base metal and transportation equipment sectors.8
This is also the case for sulfur dioxide and volatile organic compounds. For
carbon monoxide and nitrogen dioxide, the two most important contributors
are the base metal and chemical sectors. The petroleum sector is also of note as
a significant source of some air pollutants. In case of sulfur dioxide, the Great
Lake states account for just short of one half of the additional US emissions
cause by North American economic integration. This may be important since,
along with nitrogen oxides, sulfur dioxide is a leading contributor to the acid
rain dispute between the United States and Canada. The Great Lake states are
therefore strongly implicated in this problem.
Next consider the changes in industrial bio-accumulative metals pollution

in the Great Lake states. For all three pollution types (metals to air, metals to
water, and metals to land), the base metals sector is the most important source
of emissions. For the case of metals to land, the chemicals, wood and metal
products and transportation equipment sectors are also significant sources. For
all three pollution types, the Great Lake states account for approximately one
half of the additional US emissions caused by North American economic in-
tegration.
Next consider the changes in industrial toxin pollution in the Great Lake

states. Except for the case of toxins to water, where the transportation equip-
ment sector is not important, the chemicals, base metals, and transportation
equipment sectors are the most significant sources of toxin pollution accumu-
lating to air, water, and land. The accumulation of toxins in water is an im-
portant issue for the Great Lakes. As stated by Munton and Kirton (1994),
‘‘increasing scientific evidence points to the seriousness and complexity of the
toxic waste problem in the (Great) Lakes’’ (p. 63). Thus, the TWater column
of Table 2 is of particular importance for the concerns of this paper. For toxin
pollution as a whole, the Great Lake states are less important in contributing
to US totals than for air and bio-accumulative metals.
If there is a most important area of concern for the Great Lakes in increased

North American economic integration, it is water pollution. Indeed, Munton
and Kirton (1994) state that ‘‘Without doubt, the to major Canada-US trans-
boundary environmental issues in recent decades have been the serious water
pollution problems long a¤ecting the Great Lakes’’ (p. 59–60).9 Once again,
the base metals sector appears as a significant source of emissions. In the case
of biological oxygen demand, the food processing sector is also a significant

8 With regard to base metals, the Great Lakes states account for approximately 70% of total US
steel production. See Allardice and Thorp (1995).
9 ‘‘The Great Lakes region’s abundant water supply is an important resource connection for in-
dustry. Water use in manufacturing operations is concentrated in five major sectors: steel pro-
duction, food processing, petroleum refining, chemicals/allied products and paper – all of which
are well-represented in the regional economy. This intensity of water use is illustrated by the fact
that the Great Lakes states account for 40% of US industrial water use, and much of this demand
is based in the Basin’’ (Allardice and Thorp 1995).
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source of emissions, and in the case of total suspended solids, so is the chem-
icals sector. The case of total suspended solids is very notable here in that the
Great Lake states contribute approximately 60% of the US total. This type of
water pollution would appear to be of major concern to the Great Lakes eco-
system.
Experiment 2 simulates NAFTA trade liberalization under the assumption

that labor supply elasticities are unity. This involves a modification of Appen-
dix Eq. 6 in which Lj becomes an endogenous variable rather than a parameter.
For this experiment, changes in industrial pollution emissions in the Great
Lakes states are presented in Table 3. For at least two reasons, the results pre-
sented in Table 3 should be interpreted cautiously. First, unity is the empirical
upper bound on labor supply elasticities in industrial countries.10 Second, due to
the lack of trade in services data for North America, trade expansion is con-
fined to agricultural and manufacturing sectors. This can overstate the output
and industrial e¿uent e¤ets in the manufacturing sectors of the Great Lake
states. For both reasons, the results of Table 3 are probably overestimates.
Nevertheless, they are suggestive of ‘‘quasi-dynamic’’ e¤ects that occur when
resource constraints are relaxed, e¤ects that are important to many policy an-
alysts concerned with environmental and natural resource issues.
The first thing to note about Table 3 is that, in contrast to Table 2, there are

no negative e¤ects in the non-metalic mineral and electrical machinery sectors.
With the relaxation of the labor supply constraint, labor is not bid away from
these two sectors. Second, the pollution e¤ects are larger than in Table 2 be-
cause there is more trade creation among the three North American NAFTA
members, contributing more greatly to both direct and indirect pollution e¤ects
in the Great Lake states. Third, however, the increases in pollution emissions
that occur when labor supply constraints are relaxed are not uniform in per-
centage terms across sectors. Whereas emissions from the chemical sector more
than doubles, those of the wood and metal product sector rise by less than sixty
percent. Consequently, the list of high-polluting sectors increases beyond base
metals, transportation equipment, and petroleum to include paper and chem-
icals.

4. Conclusions and caveats

The Great Lakes are positioned on the border of two countries in the process
of increased economic integration. Given the fragile nature of these water re-
sources, there has been a great deal of concern about the linkage in the Great
Lakes region between increased economic activity and environmental degra-
dation. In the case of industrial pollutions, the Great Lake states are particu-
larly important since these account for approximately one third of US manu-
facturing output. Indeed, as demonstrated by the results presented in Tables 2
and 3, the Great Lake states account for a substantial portion of the total in-
dustrial pollution generated by increased integration of the North American
economies. These e¤ects are concentrated in the base metal, transportation
equipment, petroleum, paper, and chemical sectors.
The AGE methodology used here has much to contribute to analyzing the

trade and industrial pollution at the national and regional levels. Most notable

10 Again, see Killingsworth (1983).
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in this regard is the integrated treatment of production, trade, intermediate de-
mand, final demand, and pollution e¿uent levels. The most notable limitation
of the methodology, however, is its failure to address dynamic technological
change of the sort emphasized by Porter and van der Linde (1995). The crucial
policy issue facing the Great Lakes region is how to capture the gains from in-
creased North American economic integration without su¤ering unduly from
the increased industrial pollution involved. While taxes and tradable pollu-
tion permits are the first-best instruments suggested by most AGE economists
(e.g., Lee and Roland-Holst 1997, and Rendlemen et al. 1995), the technologi-
cal changes ignored in the AGE approach are also crucial, especially those that
can be leveraged through the many existing institutions concerned with the en-
vironmental quality of the Great Lakes. Perhaps for this reason, the analysis
here is best interpreted as a crucial screening exercises that identifies where
problems exist. The alleviation of the problems, however, requires an expanded
frame of reference.
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Appendix
General equilibrium model equations

This appendix presents the equation structure for a three-country applied gen-
eral equilibrium (AGE) model of trade and industrial pollution in North Amer-
ica. The equations of the model are presented first, and these are followed by a
description of the variables and parameters. The equation that determines each
variable is given in parentheses after the variable’s definition.

Consumer behavior (LES)

P
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Cost equations and production (CES with Leontief intermediates)
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Factor markets (CES demands and full employment)
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Commodity demands, supplies, and allocation of traded goods (CES and CET)
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Commodity market equilibrium
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Income and revenue
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Foreign balance

X
k0j

X
i

PWijkSijk ¼
X
k0j

X
i

PWijkDijk Ej ð22Þ

Regional pollution emissions

Eijmnj ¼ ipmeminj jLij ð23Þ

Sets and indices

h; i A I sectors
j; k A J NAFTA member countries (US, Canada, Mexico)
l A L NAFTA non-member countries (R ¼ rest of world)
m A M IPPS pollutants
nj A Nj regions of country j

Quantity variables

Cij ¼ final demand for composite consumption good i in country j (1)
Dijk ¼ demand for good i in country j from source country k (8, 9)
Kij ¼ input of physical capital in sector i of country j (5)
Lij ¼ input of labor in sector i of country j (4)
Qij ¼ demand for composite consumption good i in country j (17)
Sijk ¼ supply of good i from country j to country k (10, 11)
Xij ¼ output of sector i in country j (14)
Eijmnj ¼ emissions of IPPS pollutant m from sector I of region nj of

country j (23)

Price variables

ej ¼ exchange rate for country j (22)
Pijk ¼ domestic price of good i in country j demanded from country k

(15, 16)
P

Q
ij ¼ domestic purchaser price of composite consumption good i in

country j (12)
PX
ij ¼ domestic producer price of composite good i in country j (13)

PWijk ¼ world price of good i demanded in country j from country k
(18)

rj ¼ rental rate on physical capital in country j (7)
wj ¼ wage rate in country j (6)

Nominal variables

RQj ¼ quota rents in country j (20)
RTj ¼ tari¤ revenue in country j (19)
Tij ¼ total costs in sector i of country j (3)
Vij ¼ value added in sector i in country j (2)
Yj ¼ income in country j (21)
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Parameters

aij ¼ intercept parameter in CES production function in sector i of
country j

bij ¼ share parameter in CES production function in sector i of country j
eminj j ¼ employment share of sector i in region nj of country j
iohij ¼ input of good h needed per unit of sector i output in country j
ipm ¼ IPPS emissions coe‰cient (per employee) for pollutant m
Kj ¼ total physical capital stock in country j
Lj ¼ total labor force in country j
sij ¼ consumption share for composite good i in country j
tijk ¼ ad valorem tari¤ on imports of good i into country j from country k
aij ¼ intercept parameter in CES product aggregation function for sector i

of country j
bijk ¼ share parameter in CES product aggregation function for product i

in country j from source country k
dij ¼ share parameter in CET allocation function for sector i in country j
gij ¼ intercept parameter in CET allocation function for sector i in

country j
mij ¼ subsistence minimum for composite consumption good i in country j
fij ¼ elasticity of substitution between labor and capital in sector i of

country j
rijk ¼ ad valorem equivalent quota on imorts of good i into country j

from country k
sij ¼ elasticity of substitution among sources of product i in country j
tij ¼ elasticity of transformation among destinations for sector i of

country j
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