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Optimal Acid Rain Abatement Strategiesfor Eastern Canada

Dr. YohannesK.G. Mariam and Dr. W.G.B. Smith
Environment Canada

10 Wellington, TLC, 2% Floor
Hull, Quebec, K1A OH3

ABSTRACT

In the past environmental management practices hareldased on disparate analysis of the impacts of
pollutants on selected components of ecosystems. HowaMistic analysis of emission reduction
strategies is necessary to justify that actions taxgmotect the environment would not unduly punish
economic growth or vice versa.

When environmental management programs are implemeintaollld be extremely difficult for the
industry to attain the targeted emission reduction inglesyear in order to eliminate impacts on
ecosystems. It means that targets have to be ebtblas increments or narrowing the gap between the
desired level of atmospheric deposition and actual depasitliese targets should also be designed in a
way that would balance the impacts on the economyimjphovements in environmental quality.

Environment Canada in partnership with other orgawinathas developed an Integrated Assessment
Modeling Platform. This platform enables to identifyeamission reduction strategy(ies) that is(are) able to
attain the desired environmental protection at a nimrmost to the industry. In this study, an attempt is
made to examine the impact on the industry when tlet dd\protection provided to the aquatic
ecosystems is implemented using environmental and enwatal-economic goals as objectives using
Canadian IAM platform.

The modeling platform takes into account sources and @ceggions in North America. The results of
the analysis indicated that reductions of at least 50éepdsitions of SOwould require complete
removal of emissions from all sources. However, ithisot compatible with the paradigm of balancing
economy with the environment. Therefore, gradual rednstin emissions as well as depositions were
found to be plausible strategy. Furthermore, optimizaigng only a single receptor at a time resulted in
significantly higher reduction in emissions comparedgbnazation that incorporates all the twelve
Canadian receptors in a single run. It implies that d¢iobptimal emission reduction strategy (i.e., multi-
receptor optimization) would not penalize the sourcesyagsion compared to locally optimal emission
reduction strategy (i.e., single receptor optimizatittriz hoped that with this kind of analysis of feasible
environmental targets can be put in place without jecpagithe performance of the economy or industry
while ensuring continual improvements in environmemnalth of ecosystems.



1 INTRODUCTION

The primary pollutants, sulphur dioxide (§@nd nitrogen oxides (NPcan be classified as acidifying
pollutants since they become acids upon contact witetomel These gases are also transformed in the
atmosphere to their corresponding acid species, sulphdsiBCf) and nitric (HNQ) acid. These and
other air pollutants can be deposited on vegetatiors, ssilrface or ground waters, etc. in wet and dry
forms. In addition, one of the constituents of IN@itrogen dioxide (Ng) is converted to ground-level
ozone (Q) and peroxyacetyl nitrate (PAN).

Several gaseous sulphur compounds are emitted into thepdeneshrough man-mad or natural
processes. Of these sulphur compounds,&@ hydrogen sulphide §5) (which is converted to S

are the most important species of environmental cancémission of S@and its depositions as sulphate

is the major anthropogenic cause of acidification kdé$a stream and terrestrial ecosystems. Man-made
sources contribute to more than half of the total sulgimissions in the Northern Hemisphere. However,
total man-made sulphur emissions in the Southern Hemespine less than 10% of total emissions because
of minimal industrial activities. In Canada, the maources of SPemissions are industrial processes
(62%), fuel combustion (33%) and transportation (496)"°

For decades nitrogen was believed to be an essestizdi|t to the survival of aquatic and terrestrial
ecosystems. Research has shown that emissiomrajenit oxides (NQ) is increasing while emissions of
sulphate are decreasing due to implementation of contvgrgms. However, the cumulative depositions
of SO, and NQ have continued to threaten acidification of aquatictanestrial ecosystems. Excess
nitrogen contributes to acidification of soil and wagrtrophication and several indirect effects through
damaging habitat and altering the nitrogen cycle. Conségutne effect of excess nitrogen is potentially
more profound than earlier believéd®

Human activity releases ten times more nitrogen cong®tmthe environment than natural sources. In
Canada, 95% of NCemissions result from combustion of fossil fuels, tigas a form of nitric oxide
(NO). Less than 10% is emitted in the form of nitrod@xide (NQ), and less than 1% in a form of
nitrous oxide (NO). Transportation, fuel combustion, power generati@higustrial processes account
for 60%, 20%, 12% and 5% of total N@mission in Canada, respectively.

Effective control of atmospheric deposition of acidifyipollutants that would enable attainment of critical
deposition loadings requires collaborative efforts amongipeces and countries. Critical deposition
loadings is define as: "The highest deposition of acidjfgiompounds that will not cause chemical changes
leading to long term harmful effects on ecosystem siracind function”. To this end, the Canada-U.S.
Acid Rain Control Accord was signed in 1991. According te Adcord, Canada has committed to keep
the total annual emission of sulphur dioxide £50 3.2 million tones per year by the year 2000. Of this
national cap, 2.3 million tones have been set to biewad by the provinces in Eastern Canada. This cap
represents a 40% reduction from the 1980 level. Therefemal commitment to extend this cap beyond
the year 2000°°®

Emissions of NQin eastern Canada are expected to decline by 17% in 20%@vien these reductions
may be more than offset by about 40% increase inkdoamglary flows from Northeastern U.S.A.
Furthermore, increases in emission of,Nidough a photochemical reaction with Volatile Organic



Compounds (VOCSs) in the presence of sunlight produce anoolietant (ground-level ozone or smog).
Thus, there are more environmental concerns withetdo increased emission of NOTo this end,
Canada and the provinces are committed to reduce emsisdidiQ, /VOCs to minimize the effect of
acidification on sensitive ecosystems as well estt@in an overall ground-level ozone goal of 82 parts per
billion (ppb) by 2005°

Despite the efforts of Canada and USA to reduce acidfoaigcast of emission of S@nd NQ indicated
that emission for SOwould decline while that of NQwill continue to rise (Figure 1). Therefore, the
problem of acid rain, ground level ozone and other enmemtal effects associated with emissions of NO
and SQ could continue for the next 20 years.

Measures to reduce emissions of acidifying pollutants dmilkclassified into two categories: command-
and-control and economic instruments. The traditioppf@ach of command-and-control to implement
strategies to reduce pollution has proven to be expen8ivalternative strategy is that present and future
emission reduction could best be achieved with the useddets or combination of markets and
governments. Ample evidence exists regarding the fegsdfilusing market mechanisms to achieve
environmental goals.

There has long been interest, on the part of govertsnaewl stakeholders, to explore how,&0d NQ
emission abatement strategies and economic instrumventd result the protection of sensitive
ecosystems. However, fiscal restraints and great&uatability in decision-making necessitate that the
choice of strategies and instruments should also s#tisfgriteria of cost-effectiveness. It is only whe
carefully selected strategies and instruments are impteché¢hat it is possible to influence the release, fat
and impact of pollutants on the environment. The ptestedy is intended to examine the most efficient
and less costly emission abatement strategy(iesyvtiald enable the attainment of the desired
environmental goals, that is the protection of aquet@systems in 12 receptor sites in eastern Canada.

1.1. Theimportance of acid rain

Acidic deposition, or acid rain, is the result of thaat@n of emissions of sulfur dioxide (9@nd oxides

of nitrogen (NQ) in the atmosphere with water, oxygen, and oxidanfsrta various acidic compounds.
These compounds fall to the earth in either dry form deposition such as gas and particles) or wet form
(wet deposition such as rain, snow, and fog). Acidiméiions or compounds can be transported via wind
crossing states, provinces, national and internathomalers-?

Acid rain causes acidification of lakes and streams anttibutes to damage of trees at high elevations.
Furthermore, acid rain accelerates the decay of buildatgrials and paints, including irreplaceable
buildings, statues, and sculptures that are of significmamal cultural heritage. Dry deposition of acidic
compounds can also dirty buildings and other structuresng&adlincreased maintenance costs. Prior to
being deposited on earth, gaseous forms ofé81@ NQ as well as sulfates and nitrates contribute to
reduced visibility and pose threats to human hédlth.

Acid rain primarily affects sensitive bodies of watat is, those with a limited ability to neutralaeidic
compounds (called "buffering capacity"). Many lakes andastsein eastern Canada suffer from chronic
acidity, that is the water is characterized by a taomly low pH level. Not only acid rain has caused and/o
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increased acidity of lakes and streams but also seMaifase water bodies are sensitive to acidification.
means that they cannot tolerate additional deposittehpr dry, above the critical load level.

It is estimated that 14,000 lakes in eastern Canada die. &treams flowing over soil with low buffering
capacity are equally susceptible to damages from acid lasome sensitive lakes and streams, not only
acidification has eradicated some fish species suaioais but also has made the chemical conditions
unsuitable for the survival of sensitive fish spetiés.

The impact of acid rain on aquatic ecosystems is ebatest due to a condition called "episodic
acidification” (brief periods of low pH levels from smmelt or heavy downpours). Several lakes and
streams become temporarily acidic during storms and setivamd episodic acidification that also occurs
during this period can contribute to large scale "fisls.Kill

Acid rain affects forest through depositions of acidimpounds on the leaves in a form of dry or wet
depositions, and forest soils. In addition to stuntinggtimevth of trees and associated components of the
forest ecosystem, the run-off from forest solils lbeen attributed as one of the causes of acidificafion o
soil and surface waters in eastern Canada. Percottmeidic compounds through the soil affects nutrient
movement, hence productivity of forests and forestystesn.

As a result of the diverse and profound impacts of &@ NQ, the governments of Canada and USA
have made significant commitment toward reducing emissidthese pollutants. However, several
terrestrial and aquatic ecosystems remain acidified eqare a longer time to recover to their normal
state of environment. The present study examinesri&ct of acid rain on aquatic ecosystems under two
scenarios: i) using an environmental goal as the aetysion criteria, and ii) using environment and
economic goals as a criterion.

Controlling acid rain or reducing emissions of,0d NQ will bring substantial environmental and human
health benefits. It will help improve the state ofldied lakes and streams so that they can once again
support fish life. These emissions reductions will alsotribute to improved visibility so that there wig b

an increased enjoyment of scenic sites and parks. Mera@ductions in emissions of precursors of acid
rain help revitalize forests and minimize deteriomratd building and monuments, and contribute to reduce
health risk by lowering particulate of 3@nd NQ as well as ground level ozone (smog). If status quo
conditions of acidification are allowed to continueg tate with which lakes would be acidified could
increase by as high as 50% within a few decades. Aisamtifelement for reduced acidification is the
reduction in emissions of SCDue to national and bilateral commitments toward reduemission of S©
and NQ, it is possible that acidification can be controbedl/or reduced. However, the commulative
nature of small depositions, pre-existing levels of acaind sensitive of most lakes imply that the problem
of acid rain will continue to be of significant nata@mroncern for years to come.

2. Methodology

2.1. Integrated Assessment M odeling

The methodology utilized in this study is integrated ass@ssmodeling. Integrated Assessment Modeling
(IAM) has become an important field of study over thst pecade. The concept of IAM encompasses
three elements: Integrated, Assessment and Modelingl. ckAIld be interpreted differently by different
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disciplines. Furthermore, the scope or coverage ofANedould vary significantly ranging from
examining an element such as sub-basin to global eliofainge or water suppfy®*11131412.16

Integration refers to the incorporation of a singlelmain of events into a specific framework that diyect
or indirectly impact a specific outcomé**° Assessment is the presentation of and drawing casual
inferences from knowledge or information derived fromouss disciplinary researches in order to assist
decision-makers in evaluating possible actions or undagaii in-depth understanding of a probfem.

Due to its approach as a holistic analytic tool, #i is a multidisciplinary. As such an important strength
of the IAM is that it can create an effective comioation between basic and social scientists, and
decision makers on the implications of changes in enmental health.

Most environmental problems have common causes, dgaaamd common impacts. The strength of the
IAM as analytic tool that brings diverse disciplinedfedence and commonalties in the functioning of
ecosystems, in the dynamics of activities or elemehtin environment-economy linkage can be examined
with relatively greater degree of accuracy, defengilalitd clarity. Alithough there are many IAM models,
the he present study examines the impact of acid ra@moatic ecosystem using Canadian IAM platform
as analytic tool.

2.2. Formulation of Optimization Routine within |AM

Canada’s prototype IAM is being developed to incorpora&ali and nonlinear cost functions. It includes
SO, and will incorporate N@and VOCs. Information such as cost functions and gihey& inputs such
as those linking sources to deposition levels, and clakamcl physical processes that characterizg NO
VOCs and S@are required to run the full scale IAM platfoff.

The cost functions are incorporated into the 1AM vieogtimization scheme. There are several kinds of
optimization models. These models could minimize depoditieels, cost of attaining certain deposition
levels, etc. Common to most models is that theysaugde-objective optimization schemes. That is, their
objective function is either minimization of costaeposition. Realistic assessment of pollution abatemen
strategies cannot be accomplished using a framework basgdingle criterion or objective. Multi-
objective optimization models promote appropriate raeparticipants in planning and decision-making
processes, enable identification of a wide range effradtives, and provide a more realistic perception of
the problem because of inclusion of many objectivlserefore, a simple yet realistic multi-objective
optimization model can be used to incorporate cost fumetinto the IAM. This model assumes that it
may not be feasible to attain the desired critical diépa loading. Therefore, allowances are made for
over or under-achieving the critical deposition levElge optimization scheme can be called least-cost
deposition-relaxed modél.

The mathematical formulation for least-cost depositielaxed model is given as;'®192021.22:2324.25

n n m
Minimize ( 4+t Z =Z =3 CR +Z LC A+ Z(VVJU Uj+ VVjVVj) ..................... (1)
=1 =1 =1

Subject to:
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Where W's are user-specified objective function weights foeetttd region j ( j=1...m), @ the marginal
cost of emission removal at controlled point sourcg(H&1... n), and Ris the amount of emission
removed from controlled source i (decision variabl€); iefers to existing emission rate at controllable
source |, Ti is the unit transfer coefficient that relates defpmsiat receptor j and the rate of emission
from controllable source i, GUs existing emission rate at non-controllable sedr¢k=1...0), and K IS
transfer coefficient that links affected area j andoumtillable source k. Ban equation 2 refers to
background deposition level at affected areaj, "Rfers to maximum allowable removal on rate from
source m; and Cjstands for critical deposition level at affected areghe variables pand \{ refer to

the magnitude of over achievement (deposition lesstti@aritical loads) and violation (deposition
exceeding critical loads) at affected area j respegtivEhe constant EA indicates predetermined
aggregate emission reduction level and; Istands for employment at a point source i. The unknown

parameters such ag refer to the proportion of losses in employmera assult of the chosen control
option at source i angl indicates the proportion of violation of criticalpdsition level at receptor j.

Equation 3 states that the amount of pollutant removend $a@urce m should be a certain percentage or
fraction (A ) of total unabated emission from source m. Theore&s inclusion of this constraint is that
some regions or sources of emission may have alregalymented control strategies to satisfy the
regional emission quota while others may have nos @tistraint, therefore, avoids an unnecessary
burden to those sources of emission that have made psagreard cleaner environment. The above
formulation can be modified to include constraints $jpea each affected area or sources of emission.
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Equation 7 sets an upper limit to the violation of depmsitiEquations 1 to 9 could be simplified by
dropping the underachievement variable (U) and otheragdenecessitated by the availability of the
data set.

A slightly different version of the above system®q@iation is used to identify optimal emission reduction
strategy using the IAM platform. The result emission rédacstrategy will satisfy socioeconomic and
environmental criteria that are included in the optaton scheme as constraints.

2.3. The Canadian |AM

IAM, in its various forms, has been in existencesithe early 50s. IAM is not the only interdisciplinary
unifying research methodology or paradight®?’ The significance and/or importance of this tool in
environmental analysis, however, became more gisibly over past two decades. At present, several
national and international organizations utilize vasiforms of IAM platform for different purposes.

Several IAM models have been developed over the pastlelethese models could be divided into those
that examines i) the linkages between socioeconamiieavironmental variabl&s>*%2%2° i) only the
physical environment, and iii) only the socioeconoemigironment®3%3132333However, emphasis is being
given by policy makers to IAM as an important tool thatuld enable balancing economic growth with
environmental protectiotf.

Canada’s version of Integrated Assessment Model (IAM)ved from a sub-basin or lake-ecosystem
assessment tool called RAISON (Regional Analysisbsglligent Systems ON a microcomputer) for
windows. The IAM contains environmental models widgical or aquatic sciences, atmospheric sciences,
natural resource sciences, and socioeconomic scieBesgd on inputs from these models, the IAM

would facilitate the identification of a strategy tigahot only least cost but also enables the protectio
aguatic and terrestrial ecosystems. Unlike the polisaedriAM platforms such as RAINS of Europe, the
Canadian version of IAM attempts to balance the eecyneith the environment or policy with

science®™3%37

The Canadian IAM platform has the following componentthe biological or aquatic sciences include
models such as waterfowl! acidification response mods{istem (WARMS), Cation Denudation rate
(CDRM), Trickle down (TD), CDRLTH, and TDBO; ii) théraospheric sciences include source-receptor
relationship matrix for S@and NQ from long-range atmospheric transport model; i) takiral sciences
modaule is still in development but contains forestry iobpaodel; iv) the socioeconomic sciences contain
cost of emission reduction and functional specificatlmgtsveen costs and emission removal fog; 2@d

V) emissions and deposition data for,2@d NQ, and critical deposition loadings of $fr sensitive
aquatic ecosystems. The IAM platform also employs ne@tatork approach to recognize patterns and
fill gaps in monitoring data. Moreover, uncertainty a&ncbr propagation in models, using causal
probability network and fuzzy expert system, are introduoethe platform. These modules and databases
are interconnected through linear (genetic algorithmg)ren-linear optimization algorithm®:**>

The optimization scheme contains an objective funciiod constraints to be satisfied. That is, it
maximizes emissions reductions, cost minimizatiohath subject to the satisfaction of constraints sagch
non-exceedance of maximum deposition at sensitive @sgphaximum allowable reductions form source
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regions as well as the numbers of sources that wowdadmined simultaneously. The results of the non-
linear optimization runs would identify a strategy tlsaeast cost and yet enable the attainment of
environmental goals.

The platform has been used for various purposes. The @ar@dil platform has been used as a
decision-support framework for basin management strategiesitrient abatement, effluent limits, waste
disposal, and dredging and other cleanup options in the Gakas 2000 program. Information on
hydrology, water quality, geology, fisheries, forestrgnsportation, urban development, socio-economics
and health has been integrated in support of watershegstem research studies such as the Grand River
Eco-Research Project. Decision-support framework usipgresystem technologies to link simulation
models on hydrological runoff, water quality, groundwatet @ver ecology for watershed management
and planning have been developed (e.qg., a study on the DOffiek Watershed). Analysis of Lake
Ecosystem (e.g., lake Erie) response to climate chsoceg@rios has been undertaken. Modeling industrial
effluent transport and fate in the Athabasca Rived,@athway and fate of contaminants for the Great
Lakes-St. Lawrence Mixed Woods Plain have been caotédnternationally, the RAISON system has
been used for watershed modeling and Lake Hydrodynamitisfdrerma-Chapala basin (Mexico) and the
Lake Caohu basin (P.R. Chin&)*®*’

The Canadian IAM platform has also been used in thesas®nt of ecological impacts due to sulfur and
nitrogen oxides (i.e., Acid rain) for evaluation of pgloptions of emission control for selected sites in
Canada and the United States has been conducted. In ABBWaks used to determine emission
reduction scenario for controlling acid rain, which wlaen used as input into the atmospheric model.

2.4. Inputsinto the M odel

The Canadian IAM incorporates several sets of datavammables. These include i) gridded emissions and
deposition data, ii) critical deposition loadings for #@msreceptors, iii) cost functions, iv) cost and
deposition optimization algorithms, v) source-receptt@ticsnship matrix, and vi) lake chemistry and data
on aquatic ecosystems of lakes in the receptor sitespiirpose of the present study is to examine the
impact of acid rain on aquatic ecosystems under two 8oeng using environmental goal, and ii) using
environmental and economic goals in determining redusfioemission of SO

The 1990 Canadian long-range transport of air pollutants@ddleposition report divided North

America into 40 sources of emission and 15 sensitiveptecsites (Figures 2 and ¥)For the purpose of
national policy making and international negotiatiom, tise of these large sources and few receptors may
prove adequate.

3. Results of Multi-Receptor Optimization with [AM

3.1. Results When the Decision Criteria is Only Environmental Goal

The optimization routine using the IAM platform was des@yim such as to obtain global optimality with
respect to emission reductions and the corresponding depssithat is rather than optimizing deposition
8



at a single receptor at a time, all the twelve-reagpomnts located in eastern Canada were optimized
simultaneously. Ciritical loads and environmental goatlie twelve-receptor points are presented in Table
1. The analysis was conducted for two scenarios: otignizith respect to environmental goal only and
with respect to environmental and economic goals.rébelts are presented in Table 2.

The results of the analysis indicated that reducing cudeposition by 50% at all receptor sites require
that emissions have to be reduced by 100% from the 1990 Téwglscenario, therefore, was not feasible
as it implies closing all SCemitting plants in Northeastern North America thattcibute to depositions in
eastern Canada. After a series of runs, an envirdaiggral that reduces deposition to 80% of current
level using a maximum emission reduction of 90% was seleas a strategy.

The results indicated that deposition optimization sfiesewould require a reduction in emission 0£SO
by 1968KT (64%) at a cost of 1.3 billion US$, and by 3016 kT (13%)cast of 1.2 bilion US$ from
Canadian and USA sources respectively. In total, a rieduct 4984KT (22%) of North American
emissions at a cost of 2.6 billion US$ would be requireattain the anticipated environment goal.

In a separate analysis, single receptor-optimizatiotht® receptor site Algoma and keji showed that for
the same environmental goal, the required emission iedugas 1767.3KT. The reductions from the
two sites alone represent about 16% of North Ameriogisstons of S@ Thus, single-receptor
optimization greatly penalizes the emission sourcegdpyiring significant reduction in emissions.

3.2. Results When the Decision Criteria are Environmental and Economic Goals

The environmental-economic optimization routine tssaite also presented in Table 2. The findings
indicate that to attain the desired environmental goahada has to reduce emissions by 1520KT (49%) at
a cost of close to 1 billion US$. Similarly, the UBAs to reduce emissions by 3846KT (19%) at a cost of
about 1billion US$. In total, SGemissions have to be reduced by 5365KT (23%) at a cobbaf @

bilion USS$.

Single-receptor optimization for Algoma and Keji indicatkat it would cost costs 600 million and 1.12
bilion US$ to attain the desired environmental goaliedpb all receptors. Optimization for a 50%
reduction in deposition in these two sites indicatesttiee will be no optimal solution for Keji while it
would require a reduction in emission by 30% at a cost billidn US $. This means that optimization at
individual receptor could be viewed as expensive, henca wiable pollution abatement strategy.

The optimization routine that incorporated environmieamd economic goals resulted in i) a 15% less in
emission reduction from Canadian sources, and ii) a 4#%ased in emissions reduced from sources in the
USA. However, the total continental emission reducti@s approximately the same (22% versus 23%).
However the combined environment-economic goal opaitimna routine costs about half a billion less in
emission abatement. Therefore, a strategy that ircloo#h environmental and economic goals not only
increased emission reductions but also costs subdialetsl.

The results from single optimization runs showed thatfo80% reduction in deposition, only 80% of
lakes would be protected (i.e., 20% of lakes will be witkk@H However, a 50% reduction in deposition
in Algoma allowed the protection of 95% of lakes but atearely high cost. Thus, single receptor
optimizations either require greater emissions reduetti@xtremely high cost or would not allow greater
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protection of lake or aguatic ecosystems.

4. CONCLUSIONS

Environmental decision making used to rely on evidenagetkfrom single and disparate empirical
models. However, the causes of and solutions to megsbamental problems tend to be interconnected.
Consequently, policies that depend on disciplinary reseaaginot be optimal with respect to balancing
economic growth with environmental protection. A®suit several countries, including Canada, are
moving toward the use of integrated assessment modellmgntptogether knowledge from various
disciplines to get an in-depth understanding of environrhprdélems and make sound decisions.

Some IAM tools tend to be either primarily policy aresice driven. Identification of trade-off between
economic growth and environmental protection is cruoiattain sustainable development. In this respect,
the Canadian version of IAM is well suited to give duesigeration to economy and environment so that
the decisions would not jeopardize the delicate balagiveden economy and environment.

The Canadian version of IAM incorporates severalystes1 models, economic component and scientific
and socioeconomic databases. The platform was used tmdigate the implications of environmental
decision making that are based on only basic sciemcethase based on both basic and social (economic)
sciences. Optimal strategies were examined takingactount acid rain and inter- and intra- country
emissions trading, and their implication for aquatic gsiesm.

The findings of the analysis with respect to miningzihe impact of acidification indicate that it requires
long-term commitment to provide 100% protection aquaticystes) or lakes without hurting the
economy. That is, gradually- phased emissions reductiodvibe required to reduce deposition in order
to allow recovery and perpetuation of aquatic and othesystems affected by acid rain.

The incorporation of multiple objectives, that is emmic and environmental goals, in developing
environmental policies may contribute to faster recgwf acidified lakes compared to strategies that
consider only environmental goals because the forp@moach allows the removal of a large percentage
of current emissions. It means that this strategyheip reduce the percentage of lakes acidified as well as
improves the presence of fish species in Canadian [Bkethermore, the study indicated that these large
reductions could be achieved at costs that are les®thagqual to those incurred when policy development
tools take into account only environmental goals.dans that strategies that incorporate economic and
environmental goals would make the polluters, societytlameénvironment better-off. Furthermore, the
analysis indicated attainment of environmental goadanadian sensitive receptors require major
emissions reductions from the USA.

The principle of sustainable development requires that tinest be a balance between economy and the
environment. The study has demonstrated that radicataoter environmental goal may hurt the
economy. Therefore, gradual emission and deposition redusttiategies may enable the attainment of
improved environmental quality and yet inflict less emoit cost on the industry.
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Figure 2. Map of Forty Emission Regions Used for Acid Rain Assessment
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Note: Pointsidentified with yellow circles are receptor sites while the emission regions delineated with
red linesare similar to thosein fig.2.
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Table 1. Current, Background, objective and critical deposition loadings (kg SO4/halyr)

Receptor Original Background |Objective Critical Gapl Gap2

Site Deposition Deposition Deposition Deposition (objective |(objective
(KG/HA-S04)|(kg/ha-SO4) |(kg/ha-SO4) (KG/HA-S04) | - © less critical)

original)

ALGO 17.45 3.6 13.96 16.00 3.49 -2.04

CHAR 13.42 4.2 10.74 8.00 2.68 2.74

ELA 6.73 2.7 5.38 8.00 1.35 -2.62

GAND 6.29 4.7 5.03 8.00 1.26 -2.97

GOOS 8.08 3.8 6.46 8.00 1.62 -1.54

KEJI 13.97 5.6 11.17 8.00 2.79 3.17

LONG 30.85 3.8 24.68 20.00 6.17 4.68

MOOS 8.23 2.8 6.58 20.00 1.65 -13.42

MUSK 22.97 4 18.38 16.00 4.59 2.38

NICH 8.11 3.3 6.49 16.00 1.62 -9.51

PICK 6.51 2.9 5.21 20.00 1.30 -14.79

QUEB 18.83 4.8 15.06 9.00 3.77 6.06

Where

ALGO- refers to Algoma Receptor site in Ontario

CHAR- refers to Charlo Receptor site in New Brunswick

ELA- refers to Ela Receptor site in Ontario

GAND- refers to Grander Receptor site in Newfoundland

GOOSs- refers to Goose Bay Receptor site in Newfouddlan

KEJI- refers to Kejimkujik Receptor site in Nova Seoti

LONG- refers to Long Point Receptor site in Ontario

MOOS- refers to Moosonee Receptor site in Ontario

MUSK- refers to Muskoka Receptor site in Ontario

NICH- refers to Nitchequon Receptor site in Quebec

PICK- refers to Pickle Lake Receptor site in Ontario

QUEB- refers tavlonmorencyReceptor site in Quebec
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Table 2. Optimized Emission Reduction to achieve 80% rexhgciin Depositions of sulphate at 12
Canadian Receptor Sites using a maximum of 90% reducte&migsions of S©

Source Original |Final SQ |Abated |% Cost of Original |Final SQ |Abated (% Cost of
Region SO Emission |SO, Emission |Emission |SO, Emission SO, Emission |Emission
Emission|(kT/Yr.) |Emission|Reduction |Reduction |[Emission |(kT/Yr.) [Emission|[Reduction |Reduction
(KT/Yr.) (KT/Yr.) (USSM) _ |(KT/Yr.) (KT/Yr.) (USSM)
10 53C 187 34z 65 78 53C 42t 10& 20 24
11 12 1 11 89 0 12 12 0 0 0
12 10 1 9 89 36 10 1 9 88 35
13 50 9 41 81 11 50 46 4 7 1
14 68¢ 77 612 89 142 68¢ 70 61€ 90 143
15 21€ 25 191 88 79 21€ 134 82 38 34
16 30 3 27 89 5 30 24 6 20 1
17 184 20 16E 89 11€ 184 15C 35 19 24
18 162 18 144 89 35 162 18 14E 89 35
19 46 5 41 90 9 46 5 41 90 9
20 17¢€ 19 157 89 254 17¢€ 28 14¢ 84 23¢
21 182 18 164 90 297 182 37 14E 80 262
22 72 7 65 90 26¢& 72 33 39 54 16C
23 61C 61C 0 0 0 61C 46¢ 142 23 22
24 11C 11C 0 0 0 11C 10¢ 2 1 0
Canadian _ |3078 1110 1968 64 1329 3078 1558 1520 49 991
50 231¢ 153: 78E 34 89 231¢ 149( 82¢ 36 94
51 1124 102: 101 9 13 1124 80¢ 31€ 28 42
52 1274 1274 0 0 0 1274 941 33z 26 85
53 165¢ 165¢ 0 0 0 165¢ 1351 307 19 47
54 952 952 0 0 0 952 952 0 0 0
55 454 54 401 88 0 454 454 0 0 0
56 93¢ 93¢ 0 0 0 93¢ 93¢ 0 0 0
57 79€ 79€ 0 0 0 79€ 39¢€ 401 50 10¢
58 1024 102¢ 0 0 0 1024 82¢ 19¢€ 19 50
59 53¢ 314 222 41 84 53¢ 411 12& 23 48
60 68¢ 68¢ 0 0 0 68¢ 50¢ 18C 26 0
61 612 13C 482 79 50z 612 272 33¢ 55 354
62 124 26 98 79 22¢€ 124 51 73 59 16€
63 79C 79C 0 0 0 79C 79C 0 0 0
64 744 744 0 0 0 744 61C 134 18 1
65 108¢ 108¢ 0 0 0 108¢ 732 35€ 33 30
66 584 62 522 89 88 584 464 121 21 20
67 71C 71C 0 0 0 71C 682 27 4 2
68 314 33 281 89 191 314 27E 39 12 27
69 70 7 63 89 0 70 70 0 0 0
70 70 7 63 89 23 70 48 22 32 8
71 47C 47C 0 0 0 47C 42t 45 10 7
72 169¢ 169¢ 0 0 0 169¢ 169¢ 4 0 0
73 21€ 21€ 0 0 0 21€ 21€ 0 0 0
74 65¢ 65¢ 0 0 0 65¢ 65¢ 0 0 0
USA Total [19910 16894 3016 15 1216 19910 16064 3846 19 1090
Grand Total |22988 18004 4984 22 2546 22988 17623 5365 23 2081
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