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ABSTRACT

Tradable Discharge Permit (TDP) programs have shown, both in practice and in theory, to have
tremendous potential as cost-effective methods of pollution control.  Nevertheless, there are still many
uncertainties regarding TDP programs that if not adequately addressed, might impair their success.
Concemns range from issues of market failure that prevents optimal trading, to political agendas that differ
from a typical TDP program in their priorities, to modeling difficulties that might cause erroneous
predictions of cost savings and environmental performance. The hopelessness of trying to overcome
these concerns all at once is recognized. And therefore, apart from a brief discussion where the more
common of these uncertainties are identified and discussed, attention is focused only on the uncertainty
associated with environmental modeling, specifically that associated with the stochastic aquatic

environment.

Numerous studies have been carried out to predict the potential impacts of TDP programs, whether
positive or negative, on the environment they are intended to protect. These studies have been
invaluable in laying essential groundwork for the further understanding and actual implementation of such
programs. However, many of these studies assumed deterministic environmental medels when in reality
nothing is ever constant. The environment is an open system vulnerable to, amongst many other agents,
weather variations and changes in microbial behavior. It is therefore, this study's goal to attempt to
advance a step forward by re-assessing those same questions asked many times before, but this time

without disregarding the stochastic nature of the environment.

The Willamette and Athabasca Rivers in Oregon, USA and Alberta, Canada, respectively are used as
example case studies. These systems are simulated to predict how they might respond if discharge
permit trading were implemented. The Mean-Value First-Order Second-Moment (MFOSM) method is
used to evaluate the reliability of each system's dissolved oxygen (DC) concentration meeting set
standards, as a function of its BOD wasteload distribution and environmental randemness. The results
show that trading does indeed influence envircnment quality. For the Willamette River, trading improves
the water quality reliability. For the Athabasca River, trading makes the reliability worse. HOWever, these
effects are quite minimal in that, for any target reliability to be achieved that is reasonablej trading is

found not to change the reliability significantly in comparison to that attained under a policy of no étrading.
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1.0 INTRODUCTION

As the need to protect the environment becomes more obvious, the proper planning and management of
increasingly scarce environmental resources becomes more urgent. Effective environmental
management involves the implementation of policies that are able to safeguard the envircnment, but
without sacrificing economic development. Needless tq say, there exists a tradeoff between

environmental quality, and the cost of achieving and maintaining that quality.

The formulation of conscientious policies often requires predictions of the actions of certain parties and
how those actions might affect environmental quality. The fickleness of human behavior makes it difficult
for such predictions to be accurate. This is further complicated by the stochastic nature of the
environment. |n general, waste discharge regulations can be categorized into two groups. The first is the
more traditional and familiar “command-and-control” poficies; and the second is the more innovative but

less tested “market-based” policies.

While command-and-control policies have served well in the past, and even presently, they have faced
heavy criticism for not giving industry sufficient flexibility, which results in economic inefficiency. Such
policies, that place explicit restrictions on allowable levels of emissions and/or force the use of specific
poliution abatement technelogies, simply do not give industry the freedom to adopt cost-saving measures
as it sees appropriate. Neither do these policies give any incentive for industry to reduce their poliution

levels beyond the standards required by law.

In recent years, market-based policies have been gaining popularity as alternatives that address these
shortcomings. One such policy is the utilization of tradable discharge permits to regulate polluters.
Under this policy, the action to pollute is seen as a property right with tangible value that is transferable.
Theoretical studies [Monigomery, 1972; Brill et al, 1984; Baumol & Cates, 1988], as well as practical
experience [Schmalensee et al, 1998; Stavins, 1998; Schwarze & Zapfel, 2000], have proven the
tremendous potential Tradable Discharge Permit (TDP) programs carry as a cost-effective means of

pollution control.

However, there is still much uncertainty of the inner workings and implications of TDP programs that if not
adequately addressed, might impair their success. These uncertainties, of which some are quantifiable
but most are not, are as random as they are diverse. Concerns range from issues of market failure that
prevents optimal trading, to political agendas that differ in their priorities, to modeling difficulties that might

cause erroneous estimations of cost savings and environmental performance.



This study attempts to address some of these concerns. Naturally, it is hopeless to try to overcome these
issues all at once. And thus, apart from a brief review where the more common of these issues are
identified and discussed, attention is focused only on the ones that are less abstract and more tangible.
More specifically, for the time being, uncertainties of politics, psychology, trading and such are assumed
negligible and only uncertainty related to the stochastic environment is considered. For now, it is
conveniently assumed that perfect market conditions apply such that trading ultimately leads to some
predictable, deterministic, least cost equilibrium,

Due to the nature of envircnmental permit trading programs, where the locations of discharge may
change, it is advantagecus to know a priori how frading might impact environmental quality. Regardless
of its cost efficiency, a program that fails to protect the environment falls short of its primary objective. To
assess this question of how trading might impact the environment, mathematical models are used to
simulate how the environment might respond fo certain market behaviors. However the task of
developing an adequately accurate environmental-response model, and collecting the reguired data, is
not without difficulty, Many of the studies carried out in the past [Montgomery, 1972, Eheart, 1980; Brill et
al, 1984; Eheart et al, 1987] applied deterministic models that neglect the stochastic nature of the
environment. This negligence, though convenient and perhaps computationally necessary in the past, led
to results that did not wholly represent reality. Thus, the primary objective of this study is to re-examine
this issue of the environmental impact of permit trading, but this time with stochastic models that are

better able fo characierize the true state of the environment.

To achieve the objectives of this study, the cases of the Willamette River in Oregon, USA and the
Athabasca River in Alberta, Canada are used as example case studies. Both systems are modeled to
observe how they might behave if permit trading were allowed. In both cases, environmental quality is
measured as the reliability of the dissolved oxygen {DO) concentration, subject to the BOD wasteloads
discharging into the river, meeting a certain pre-set standard, where reliability can be defined as the
probability of the system performing as desired or better. The Mean-Value First-Order Second-Moment
{(MFOSM) method, a method based on first-order approximations of the Taylor series, is used to estimate
the reliability. Essentially, the goai is to make some quantitative comparison between the reliability of the
system before trading, and the reliability after trading. And with that, to gain some insight on the
suitability of permit trading programs for environmental preservation,

Following this introduction, Chapter 2.0 gives a review of TDP programs in general as well as a
discussion of the uncertainties obstructing their successful implementation, Chapter 3.0 outlines the
theory used, Chapter 4.0 explains the details and methodology of the numerical work done to illustrate
the ideas developed, Chapter 5.0 presents and discusses the results obtained and finally Chapter 6.0

summarizes and concludes this study.



2.0 LITERATURE REVIEW

Of late, the trading of environmental permits has been a popular topic of discussion among policy-makers
and economists, as well as engineers. This section strives to give an overview of the literature that is
available concerning his subject. Section 2.1 introduces the concept of permit trading with emphasis an
its tremendous potential as a cost-effective means of pollution control. Section 2.2 reviews three practical
implementations of permit trading programs to illustrate that such programs do not necessarily work as
well in practice as they do in theory. And finally Section 2.3 examines why the observations made in
Section 2.2 are as they are, with the hope of gaining a better understanding of the many uncertainties

facing permit trading programs that may hinder their success.

2.1 Discharge Parmit Trading Programs

The notion of discharge permit trading as a poflution control too! was first proposed more than thirty years
ago by, among others, Dales [1968] and Crocker [1966]. Since then, it has grown from being a mere
theoretical concept to becoming a reality that is increasingly attracting the attention of economists,
scientists and legislators. Permit trading is a form of market-based policy that uses economic incentives
to achieve pollution control, without the high costs normally associated with the more established
command-and-control regulations. Under permit trading programs, the action to poliute is seen as a
property right, and is therefore transferable and with tangible value. Participants in a permit trading
program are each initially allotted an amount of permits, after which they may either buy additional
permits from, or sell excess permits to, each other. Generally, in an ideal market, the buyers are those
with relatively high waste abatement costs, while the sellers are those with relatively low waste abatement
costs. In a trading program, the total number of permits is capped, and this cap is sometimes slowly

reduced over time depending on the objectives of the program.

Permits can initially be either sold, or distributed without charge, by the governing authority to the
dischargers. If the initial permits are to be sold, one method is to auction off the permits. A form of
auction that discourages bidder collusion and is administratively straightforward is the single-price auction
[Eheart et al, 1980]. in a single-price auction, each discharger is required to submit a binding schedule
listing the quantity of permits it is willing to purchase at any given price. All permits are then soid at the
market clearing price, which is the price at which the aggregate demand of the market equals the total

amount of permits available.

However, as pointed out by Eheart et al [1980], a more politically feasible method might be to allocate the

initial permits without cost to the dischargers, who are then encouraged to re-distribute the permits among



themselves via auctions or other means. The initial allocation should be carried out in an equitable
manner, though equity is sometimes not easily defined. The goveming authority also bears the

responsibility of identifying which parties qualify to receive free permits, and which do not.

More thorough discussions on alternative methods to initially allocate the permits, and their respective
advantages and disadvantages, as well as other relevant issues are made by Eheart et al [1980], David
et al [1980] and Lyon [1982].

Naturally, the worth of a permit would depend upon its definition. The most common definition used is
that that defines a permit as an entitlement to discharge a specified amount of poliutant into the
environment over a specified period of time. However, there has been suggested variations of that
original definition, such as that by Eheart and Brill [1983] that defines a permit as the right to deplete the
quality of the environment at a specific location by a specified amount. And that by Eheart et al [1987]
that defines a permit as being seasonal, where a permit holder is allowed to discharge at ahigher rate
during times of the year when the assimilative capacity of the environment is larger, but at a lower rate

during other more critical times.

The major attraction that permit trading programs offer is that pollution control that is driven by fee
market forces will, under ideal market conditions, be less costly to society as a whole, than when dictated
by force of rule, as under command-and-control policies. This is especially so for systems where
locational effects are negligible i.e. the location of a given discharge does not affect environmental quality.
For such systems, the permit market equilibrium coincides with the least cost solution [Montgomery,
1972], where the least cost solution is the combination of waste abatement levels that incurs the least
amount of cost to attain a particular level of environmental quality. In short, permit trading programs have
the capability, provided that certain conditions are present, to achieve ambitious environmental goéls that
might be economically unachievable under cther policy programs. Praclical experience confirms this
conclusion [Schmalensee et al, 1998;Stavins, 1998; Schwarze & Zapfel, 2000].

Permit trading programs have cother advantages too. For instance, in relation to other market-based
policies, permit trading does not place the sometimes excessive financial burden on either the
dischargers or the governing authority that effluent taxes place on the dischargers, and subsidies on the
governing autherity [Eheart & Brill, 1983). Furthermere, from an ethical viewpoint, permit trading is likelier
to win public support than subsidies. Tradable permits, which can be viewed as "licenses to pollute® are
surely a lesser evil than subsidies that essentially are “bribes not to pollute”. Considering also, most
individuals’ natural aversion to any new form of taxes, it is also likely that those in industry would prefer

permit trading to environmental taxes. Of course, industry would generally pay less overall under trading



for waste treatment than under a tax system if the tax rate were set sufficiently high to equal the marginal

abatement cost.

Permit trading programs also provide incentive for dischargers to enhance the efficiency of their waste
abatement facilities [Eheart & Brill, 1983]. By reducing their marginal abatement costs and consequently
increasing their ability to attain higher degrees of pollution control, dischargers are able to earn credits,
which they can then sell to other dischargers with higher marginal costs. This gives the net benefit of

overall cost savings, as well as improved technology.

Additionally, permit trading programs are better able to safeguard environmental quality in the face of
industrial growth [Eheart & Brill, 1983]. Those seeking to establish new pollution sources, or expand
existing ones, may simply purchase permits from other dischargers who are looking to sell their excess
credits. Since the total number of permits is kept constant, the environment is protected in the sense that
the total amount of pollution discharged remains the same regardless of the number of sources. This is in
contrast to command-and-control programs where there is no constraint fo ensure that environmental
quality is maintained each time a newcomer apbears. or an existing discharger chooses fo increase
production. Rather, compliance standards under command-and-control programs probably need to be

revised regularly to accommodate industrial growth.

Finally, permit trading programs have the advantage of heing administratively less demanding. Unlike
command-and-control programs where the regulatory authority holds all governing power, permit trading
decentralizes the decision-making process and gives more responsibility to the private sector. The
market is utilized to coordinate decisions such that long-term efficient solutions are evolved [Zerlauth &
Schubert, 1999]. This removes the need for the goveming authority to know and regulate every single
detail of the problem. After the initial set-up that might require more effort, the regulatory authority can
withdraw into a more passive role as market watchdog and monitoring agent [Schwarze & Zapfel, 2000],

whose duties include maintaining a registry of permits fo keep track of trades.

2.2 Practical Implementations of Permii Trading

Although not the first, the most prominent permit trading program to date is perhaps the Acid Rain SO,
Emissions Trading Program, a national scale program under the administration of the United States
Environmental Protection Agency (US EPA). Much literature [Schmalensee et al, 1998; Stavins, 1998]
has touted the success of this program, which has often times been cited as proof that permit trading
works not just in theory but in reality too. While it is true that permit frading has demonstrated is
immense potential, it is important to realize that not all permit trading programs implemented have
succeeded and some of those that have, have not behaved as they ideally could have. Ta illustrate this



point, the following sub-sections review three practical implementations of permit trading, the first two

applied to airshed management and the last to watershed management.

2.2.1 The Acid Rain SO, Emissions Trading Program

The Acid Rain 80, Emissions Trading Program was instituted under Title IV of the Ciean Air Act
Amendments of 1990, and is currently still ongoing. This program seeks to reduce the occurrence of acid
rain by reducing sulfur dioxide (SO,) emissions from electricity generating units across the continental
United States. It aims to reduce SO, emissions to roughly half their 1980 levels in the most cost-efficient,
yet equitable and politically acceptable, fashion possible.

The 80; Emissions Trading Program is implemented in two phases, Phase | {(1995-1939) and Phase I
{2000-2009). Under Phase |, 263 of the worst polluting large generating units were targeted and their
aggregate annual emissions capped, while under Phase Il, virtually all other generating units are targeted
as well and their aggregate emissions restricted too. Under his program, each permit allows for the
emissicn of one ton of SO,, and is valid for a specific calendar year. Unused permits may be carried
forward for future use. The total emissions of a plant may not exceed the number of permits it holds. The
penalty should there be a violation is a fine of US$2000 per fon exceeded, and the forfeiture of an

equivalent number of tons the following year.

Observations so far give all indication that the SO, Emissions Trading Program is a success. Short-term
environmental goals have been met and exceeded. There was a sharp drop in SO, emissions in 1995,
the first year of the program. Indeed, aggregate emissions in 1995 was about 39% less than the total
amount of permits issued, and in 1996 about 33% less [Schmalensee et al, 1998]. Annual compliance
costs have been estimated to be up to U831 billien less than what they would be under command-and-
control alternatives [Stavins, 1998].

Permit prices have also been lower than expected. This can be seen as a positive sign of substantive
physical and technological advancement.  Permit frading could have accelerated the numerous
innovations in scrubber technology that, together with the dereguiation of the railroad industry, have
driven down the effective marginal cost d SO» abatement. With transportation costs decreased, utilities
in the East and Midwest now have the option of switching to low-sulfur Western coal from the Powder
River Basin, when previously they were more or fess economically limited to more local high-sulfur coal
[Conrad & Kohn, 1996; Schmalensee et al, 1998]. Schmalensee et al [1998] estimated the average cost
to reduce emissions by switching to more expensive low-sulfur coal to be around US$133 per ton, while
reduction by scrubbing costs around US$265 per ton.



Another sign of success is the low transaction costs and increasing trading volume in the SO, permit
market, which are indications of a well-formed market. Auctions by the Chicago Board of Trade, as well
as the presence of private brokers such as Fieldston and Cantor Fitzgerald, have helped developed a
working market where buyers and sellers are able to easily identify each other [Schemalensee et al,
1998; Solomon, 1999]. According to Zorpetite [1994], commissions as low as US$1.75 per permit traded
have been reported. And according to Schemalensee et af [1998], trading volume in the private market
has increased from 130,000 in 1993 to 226,000 in 1994 to 1.6 million, 4.9 million and 5.1 million in 1995,
1996 and 1997 respectively.

However, the SO, Emissions Trading Program is not entirely without weakness. The lower than expectad
permit prices can be interpreted negatively toc. Some [Coggins & Swinten, 1996; Conrad & Kohn, 1996;
Schwarze & Zapfel, 2000] have argued it to be the result of regulatory overlap. Due to the precedence of
local regulations that are more stringent, some high cost abaters have been forced to sell their permits at
prices below their marginal abatement costs. Thus potential buyers become sellers instead. This
explains cases like that of Wisconsin utilities, which, bounded by state acid rain legislation, were

significant sellers of Phase | permits.

Another weakness of the program is the issuance of excess permits above the original cap. This is said
to have resulted in lower than anticipated trading volume [Conrad & Kohn, 1996], not to mention
compromised environmental goals. In 1995, 20% of the 8.7 million permits in circulation were awarded
as bonuses to certain utilities for making early emissions reduction efforts, switching to renewable energy
sources, using advanced clean coal technologies etc. [Schwarze & Zapfel, 2000]. Definitely this
diminishes the overall efficiency of the program but can be partially justified as necessary to garner
necessary political support.

2.2.2 The Regional Clean Air Incentives Market (RECLAIM})

Southern California, especially the South Coast Basin surrounding Los Angeles, had perhaps the worst
air quality in the country and was the worst non-attainment area where federal and national standards
were constantly violated, especially for ozone and particufate matter. This is due mainly to its climate and
geography as well as its above average urban and industrial growth. Whatever environmental progress
made was sooner or later offset by economic growth. For over 20 years before RECLAIM, costly
attempts were made to bring the region into compliance via various forms of command-and-control
regulations. In 1990, the average marginal NC, abatement cost for power plants in Los Angeles was
about US$25,000 per ton, compared to US$5,000 per ton in the United States {Zerlauth & Schubert,
1999j.



RECLAIM was introduced in 1994, under the jurisdiction of the South Ceast Air Quality Management
District (SCAQMD), and is set to run until 2010. It regulates sulfur oxides (SOyx) and nitrogen oxides
(NOy), which are smog-causing pollutants. RECLAIM does not alfow inter-pollutant trading. ts primary
objective is to reduce the aggregate emissions of NO, by 75%, and SO, by 60% from their 1994 starting
values but without incurring o high a cost. Unlike the SO, Emissions Trading Program, RECLAIM is a
multi-industry plan covering dischargers from a wide array of industries including ceramics, food, glass,
tiles and furniture [Schwarze & Zapfel, 279]. Due to the non-uniform mixing characteristic of the two
pollutants, RECLAIM divides the region into two trading zones i.e. coastal and inland, with some
restriction on the direction a frade may take. RECLAIM also does not allow banking, which means that a
permit is only valid for a specific year and unused permits must be retired.

Judgment on RECLAIM’s performance has been mixed. On one hand, statistics imply it to be a success,
or at least a partial success. On the other hand, deeper examination shows an under-developed market
and regulatory uncertainty, 1994 to 1996 statistics from the SCAQMD [1998] show aggregate NOyx and
S50y emissions to be lower than the total amount of permits issued and on the overall, to be following a
decreasing trend. The SCAQMD {1996] also reported the development of a healthy market with over 400
trades, or 100,000 tones of pollutants, as of November 1996. Permit prices were also much lower than
expected [Zerauth & Schubert, 1999,

However, as pointed by Zerlauth and Schubert [1999] and Kiler et al [1997}, the lower than éxpected
aggregate emissions can be explained by the overallocation of permits, rather than any significant
decrease in emissions. RECLAIM was launched at a time when California was experiencing a recession,
which means that many facilities were operating at below-average production levels at that time, and thus
emitting less than normal. Therefore, the permits were allocated based on emissions data for years when
the facilities were operating & higher levels, so not to restrict growth when the economy recovered. This

explains the seeming over-compliance, as well as the lower than anticipated permit prices.

It was also shown that while there has been active frading during the early years of the program, many of
the trades were “no-price’ trades [Kiler et al, 1997]. No-price trades are trades where permits are
transferred from one facility to another at no cost to the buyer. Though some of these nfo-price trades
were legitimate intra-company transactions that resulted in cost savings, others were simply. the selfing of
permits to the broker or the return of unsold permits by the broker. No-price trades were also due to the
dumping of excess. permits to non-RECLAIM facilities, and/or non-profit environmental groméjps and such,
to avoid having to pay unnecessary fees for unused permits and/or for public relation reasonb. During the
first year and a half of the program, permit holders were required to pay fees for permits held, including

ones that were unused.



Furthermore, the major reason cited for the selling of permits is a decrease in production levels resulting
in a decrease in emissions [Kiler et al, 1997]. This is not surprising considering that California was going
through a recession during the time when the statistics were compiled. Nonetheless, this does mean that
emissions were being reduced not because of improvements in control equipment technology or process

design. This does not necessarily mean program failure, but simply a slower than hoped for start.

Nevertheless, a good market mechanism has been set up, even in the absence of a central market
authority [Zerlauth & Schubert, 1998]. Majority of the trades are facilitated by private brokers e.g. Cantor
Fitzgerald, with transaction costs seen as minimal. An electronic auction program is also available as an

alternative trading avenue.

Regulatory uncertainty was also a problem at the program onset, causing market participants to be
unsure of their long-term planning [Zerlauth & Schubert, 1999; Klier et al, 1997].  Since the
commencement of the program, the regulations and emissions cap were amended several times, Some
of these changes were unavoidable due to RECLAIM's experimental nature. For instance, at the
beginning of the program, permit holders were required to pay fees proportional to the amount of permits
hefd, including the ones that are unused. However, when it was realized that this requirement caused
price fluctuations towards the end of the compliance cycle, this requirement was revised so that permit

holders now have to pay fees proportional only to the amount of permits actually used.

2.2.3 The Fox River Trading Program in Wisconsin

The Fox River effluent trading program was launched in 1981, under the authority of the Wisconsin
Deapartment of Natural Resources (DNR), and is, at this time, stifl ongoing. It is the first water quality
trading program implemented and perhaps the most well-known to date. It regulates the discharge of
Biclogical Oxygen Demand (BOD) from roughly twenty industrial and municipal facilities along the Fox
River in Wisconsin, which is fributary to Green Bay. Most of the industrial facilities are pulp and paper
mills, and municipal facilities wastewater freatment plants. The Fox River program is an offset program
that primarily seeks to maintain water quality amidst economic growth. The cap on the total allowable
amount of BOD discharge is fixed, unlike the mare high-profile airshed trading programs where the cap is
reduced over time. According to EPA [1996] and Hahn and Hester [1989], a preliminary analysis, carried
oﬁt in 1979, estimated annual savings of up to US$6.8 millien.

Since its inception, only two trades have taken place. The first trade transferred permits from a puip and
paper mill to a municipal wastewater treatment plant [EPA, 1996]. The mill had shut down its wastewater

treatment plant, and re-directed its waste to be treated at the municipal plant. The trade was to adjust for



this new arrangement. As for the second trade, permits were transferred from a pulp and paper mill to a

newly built marina [Jarvie & Solomon, 1998].

This lack of trading volume is probably due to the program’s many regulatory restrictions [Hahn & Hester,
1989, EPA, 1996; Woodward et al, 2002]. Trades have to meet the approval of the governing authority
before being allowed to take place, and are only allowed under éertain conditions such as e.g. the buyer
must be a new facility, or an expanding one, or unable to meet discharge limits even when using required
technology. Trades that have the sole objective of saving costs are barred. Each potential trade has to
pass a review process that could take up to six months, and is only passed if tests show that the

redistribution of waste-loads does not cause water quality standards to be violated.

There is also no effective market mechanism in place. Whatever trade that is to take place would bhe
through bilateral negotiations, a process that is time-consuming as well as costly. Effort has to be spent
to search for and locate potential trading partners. Furthermore, since whatever savings that could come
from trading would be only a very small percentage of the total cost of operation, especially for the pulp
and paper mills, there is little motivation for the facilities to spend that extra effort to trade [EPA, 1998].

Nevertheless, considering that the primary goal of the program is not to prdmote savings but to protect
the river's water quality [Hahn & Hester, 1989; EPA, 1996], the program cannot be said to be without
success. The program has played, and is still playing, its role by effectively capping the BOD wasteloads
entering the river. Furthermore, the program is among the first of such to be implemented and thus, the

lessons learnt from it are invaluable.

2.3 Uncertainties Facing Permit Trading Programs

The uncertainties confronting permit trading programs are countless and are responsible for them not
performing as well in practice as in theory. The adequate understanding of these uncertainties is
imperative for the design of trading programs that are robust and cost effective but yet not disregarding
environmental quality and the interests of minority stakeholders.

One major source of uncertainty is the complex makeup of the environment, complicated by its stochastic
nature. Modeling difficulties arise from the lack of accurate understanding of natural environmental
processes, and from imperfect measurement techniques of ever-changing environmental variables.
Environmental models are mathematical simplifications that make too many assumptions, and thus are
never perfect, In a permit trading program, it is important to be able to predict beforehand how trading

might impact environment quality, and hence the need for reliable environmental modeis,
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Another source of uncertainty is the unpredictability of human behavior that makes it difficult to reliably
foretell markat performance. The cost effectiveness of TDP programs is only wholly realized when the
market functions as envisioned, i.e. when there is active trading between the program participants.
Should participating firms decide not to trade, a TDP program is then only as cost effective as a uniform
discharge program, or whatever program that forms the basis for the initial allocation of permits. Market
imperfection not only causes loss of cost savings, but also makes it difficult to know in advance how
permits in a market will move, and thus, how frading might influence environmental quality. [n theory
[Eheart, 1980; Brill et al, 1984; Eheart et al, 1987] perfect market conditions are assumed where firms will
act to maximize profits, transaction costs are absent, and information is freely available. However, in

reality, such market conditions hardly ever exist [Atkinson & Tietenberg, 1991; Stavins, 1995).

Market unpredictability may also be due to the banking of emissions credits. Where banking is allowed,
as it is under the EPA SO, Emissions Trading Program, some firms might choose to retain their excess
permits for future use instead of selling them. This is primarily due to their fear that they might not be
able to purchase them back in the future if need be, and this in turn is due to uncertainty of future permit
prices and of possible regulatory tightening. Market unpredictability is further increased when firms
choose to trade internally even when it is more profitable to trade externally. Internal trades, or rather
intra-firm trades, are favored when there is no organized market institution, when external trades require
regulatory approval, and when the property rights associated with a permit are not clearly defined [Hahn
& Noli, 1990].

Political considerations too are important factors in the successful implementation of permit trading
programs [Hahn & Noll, 1990; Stavins, 1998]. It is worth bearing in mind that at the end of the day, it is
the politicians and bureaucrats who make the final decision as to whether or not a new program being
implemented is permit-based. A successful policy is one that balances the objectives of politics with the
objectives of economics. A good understanding of the conflicting objectives of the many stakeholders

involved is necessary to pave the way for a wider acceptance of permit trading programs.

Of course, these uncertainties thwarting the successful irﬁplementation of permit trading programs are too
many to address all at once. For this study, attention is therefore focused only on the issues that are
deemed more tangible and less abstract, namely the modeling uncertainties associated with the
stochastic environment, of which more details are given in the following sub-section. To lay the
groundwork for future work, further discussion on the presence of transaction costs in permit markets is

also made.
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2.3.1 Environmental-Modeling Difficulties

The environment is a complex system that is unfortunately too large and too open to model adequately
without difficulty. For modeling purposes, it is usually convenient and many times necessary, to
compress environmental behavior into a few parameters .and mathematical equations. However, doing
s0 forces assumptions that may not be entirely valid. Errors resulting from such invalid assumptions are

sometimes known as Type | errors, as defined by Burges and Lettenmaier [1975].

Nevertheless, assuming that numerical models are adequately able to represent the environment, there
will still be errors due to the non-existence of foolproof measuring techniques of variables, such as stream
fiow, rainfall and concentration. While some parameters like temperaiure are fairly easily to measure
accurately, other parameters like BOD decay coefficients are not as easily so. The stochastic nature of
the environment makes this problem worse. Errors stemming from the use of ihaccurate parameter

values are sometimes known as Type |l errors, again as defined by Burges and Lettenmaier [1975].

In permit trading programs, permits will move from one location to another. The movements of these
permits, together with the natural Iuctuations of the environment, make it very possible for frading to
cause environmental degradation. This is especially so for systems where locational effects are
significant i.e. environmental quality is strongly influenced by the location of a given discharge.
Therefore, it is desirable to be able to anticipate fairly accurately a priori how trading might impact
environmental quality. To do so, numerical representations of the environment are utilized and hence, it
is crucial that whatever errors that might arise from unreliable models and imprecise data are kept

minimal.

This issue of the potential impact of trading on environmental quality has many times been addressed by
such as Eheart [1980] and Brill et al [1984]. These earlier studies employed deterministic models that
assumed an unchanging environment. While this approach is computationally advantageous, it is not
without flaw. Though these studies have been invaluable in laying essential groundwork, a more
thorough approach would be to use stochastic models that do not neglect the ever-changing state of the
environment. Numerous methods to incorporate stochastic uncertainty into muiti-objective models have
been suggested in literature. Included are ones based on first-order approximations of the Taylor series,
of which one of them, the Mean-Value First-Order Second-Moment (MFOSM) method, provides
foundation for parts of this study.

Another example of first-order methods is the Advanced First-Order Second-Moment (AFOSM) method.

In general, the principal advantage these methods have to offer is their computational simplicity and

accessibility. However, this advantage is somewhat diminished by their lesser versatility. First-order
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methods assume the output variable to be a linear function of the input variable(s), an assumption that
will not hold for strongly nondinear systems. Furthermore, when using first-order methods, the probability
distributions of the random input and output variables are represented only by their means and variances.
This leads to the inability of these methods to accurately represent highly skewed distributions. A more
thorough discussion on the pros and cons of first-order methods, as well as an overview of their
underlying theory can be found in Kataoka [1963], Yen et al [1986] and Ang and Tang [1584],

One example of first-order methods applied to water resources management is by Tung [1990], who
compared MFOSM and AFOSM and found them both to generally give good agreement with Monte Carlo
simulation results. However, for extreme probabilities, MFOSM was found to be less reliable, and the
AFOSM method superior. Melching and Anmangandla [1992] made a similar comparison and obtained
results that confirmed Tung's [1990] findings. More recently, Vasquez et al {2000] used AFOSM coupled
with genetic algorithms to optimize the waste-toad allocations of a river system. Also, recent work by
Maier et al [2001] extended the usefulness of AFOSM from just reliability estimation to estimations of
vulnerability and resilience as well, AFOSM has also been used for the sensitivity analysis of complex
water quality models, and has shown to be more effective than the traditional method of perturbing one

variable at a time [Melching & Yoon, 1896; Melching & Bauwens, 2001].

Further metheds of solving stochastic multi-objective systems are those based on Monte Carlo simulation
[Meyer et al, 1994; Storck et al, 1997] and others based on multiple system realizations [Morgan, 1983,
Ritzel, 1994; Takyi & Lence, 1999]. There is dso the Second-Order Reliability Method (SORM) [Madsen
et al, 1986]. For more details on the analysis of uncertainty and risk in water quality modeling, refer to
Beck {1987], and in policy-making, refer to Morgan and Henrion [1990].

To the best of this author's knowledge, the concepts and methods mentioned above, have not, before this
study, been applied directly within the context of permit trading. Nevertheless it has been acknowledged
that varying environmental conditions do affect the efficiency of a trading program and that fo design a
program based on a single worst-case pericd forces dischargers to treat at levels higher than necessary
during other times. To reduce this inefficiency, O’Neil [1983] proposed the use of a time-varying permit
plan, whereby a year is divided into a2 number of periods according to local weather conditions. Within
each period, environmental parameters like temperature and stream flow are assumed constant.
However, they may change from one period to the next. Under such a plan, permits are dated such that
dischargers are allowed to abate less during non-critical periads. Eheart et al [1987] further examined
this idea and confired that time-varying permits are indeed more cost effective than the conventional

invariant ones.
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2.3.2 Transaction Costs in Permit Markets

Much has been said in literature regarding the role of transaction costs in TDP markets [Stavins, 1995;
Solomon, 1999; Montero, 1997]. There seems not to be any exact definition of transaction costs.
Loosely, it may be taken to mean the secondary costs of trading that are not directly related to the buying
and selling of permits. This includes, but is certainly not limited to, the cost of gathering information, the
cost of searching for potential trading partners, the cost of negotiating new contracts, the cost of
brokerage commissions/fees and the cost of modifying existing engineering systems to meet new
abatement targets.

Many of the earlier works on permit trading [Montgomery, 1972; Brill et al, 1984; Eheart et al, 1987]
ignored transaction costs and assumed perfect market conditions, resulting in overestimations of the cost
efficiency of trading, and underestimations of the possibility of market failure, Transaction costs that are
too high make it unprofitable for potential buyers or sellers to trade. Even though their marginal
abatement costs might be such that trading is an attractive option, the presence of transaction costs

might force the overall cost of trading to exceed their original costs of compliance.

One sign of the presence of unhealthily high transaction costs in a permit market is trading velume that is
relatively weak. For example, transaction costs may be blamed for the failure of the Fox River TDP
program. Due to its many regulatory restrictions that require those interested in trading to endure a
Ien'gthy approval process, its entire frading history, as noted above, so far contains only two trades [EPA,
1996; Jarvie & Solomon, 1998; Hahn & Hester, 1989]. On the other hand, the success of EPA's SO,
Emissions Trading Program, can be partially attributed to a well-formed market where transaction costs
are minimal. Regular auctions held hy the Chicago Board of Trade, as well as the establishment of
private brokers, have ensured the formation of a straightforward trading procedure with little uncertainty
[Schemalensee et al, 1998; Solomon, 1999].

A much-cited piece of literature on transaction costs is that by Stavins [1995], who outlined theoretically
how transaction costs might negatively affect market equilibrium, causing the cost-efficiency of a trading
program to deciine. He also proved that, in the presence of transaction costs, the initial distribution of
permits does determine the final equilibrium point. Stavins' [1995] model is a basic one with two market
participants, both having idealized twice-differentiable cost curves. This work by Stavins [1985] is

noteworthy as it is perhaps the first to provide some theoretical foundation to the problem.

Montero [1997] extended Stavins' [1995] model to include frade uncertainty i.e. the uncertainty of a
potential trade gaining regulatory approval when such approval is required. For cases where trade
uncertainty is an issue, trading decisions are made based on the expected cost of compliance, rather

than its deterministic equivalent. Montero [1997] also demonstrated how numerical modeling might be
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used for more complex cases where there are multiple participants, with discontinuous cost curves and/or

the discrete waste abatement variables.

Gangadharan [2000] offers an alternative approach to looking at the problem. Using RECLAIM as a case
study, he investigated the effect of transaction costs on the behavior of polluters in terms of their trading
probabilities. 1t was shown that transaction costs do indeed reduce the probability of trading.
Gangadharan’s [2000] model considers not just the estimated costs of compliancs, but also the locations

of polluters, the initial permit allocation and the potential for industrial growth.

The above-mentioned articles have definitely contributed greatly to the better understanding of the effects
of transaction costs on pemmit trading. However, these articles were written from an economic
perspective that judges the presence of transaction costs to be undesirable as it reduces market
efficiency. No effort has been made thus far to evaluate how this reduction in market efficiency might

affect environmental performance, either positively or negatively.
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3.0 THECRY

The Mean-Value First-Order Second-Moment (MFOSM) method [Kataoka, 1963; Ang and Tang, 1984;
Yen et al, 1986] is a method often used to estimate a system's uncertainty and is essentially based on
first-order approximations of the Taylor series. Mathematically it is relatively straightforward. It is also
computationally simpler than some of the other uncertainty analysis methods proposed in literature
IMorgan, 1993; Madsen et al, 1986; Vasquez et al, 2000; Maier et al, 2001]. Though unsuitable for highly
non-linear systems, it more than suffices for the purposes of this study. The following sub-sections
describe how MFOSM may be applied to water quality modeling, and how it may be further expanded to

show the effects of trading on the water quality reliability of a river.

3.1 MFOSM Applied to Water Quality Modeling

MFOSM has been widely applied to water quality modeling by among many others, Tung [1990] and
Melching and Anmangandla [1992]. MFOSM is based on first-order approximations of the Taylor series,

which for a general multivariate function, ftakes the following form.

7(x)= A )+E("_‘i_)1_(_ail +§":(xf ‘“xf)Z(aZ{L T (1)

~ 1 | ox “~ Lax

where x; is the M input variable, x;° is x; evaluated at the expansion point e, Xis the x; vector, X* is the x;
vector evaluated at the expansion point e and # is the fotal number of input variables. Like other first-
order methods, MFOSM truncates the Taylor series after the first-order term. Therefore, by expanding
the function about the mean values of the uncertain elements within the system, MFOSM reduces

equation (1) above to give

where X" is the x; vector evaluated at its mean. From equation (2), it can be derived the function’s

expected mean and variance fo be
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var| f(X)] = ii{%} m[%} cov(x,., X, ) .......... (4)

i=l #=] i

Consider now the linear water quality model below. Equation (5) gives the dissolved oxygen (DO)

concentration at a particular point ; along a river.
) I
f(X)=DO, =B, + ¥ Wia; ... (5)
: i

where DO, is the DO concentration at point j along the river, #; is the Biochemical Oxygen Demand
(BOD) discharge rate of discharger i, B; is the DO concentration when ¥; is zero, a; is a negative
coefficient relating #; to the loss of DO concentration af point j and 7 is the totat number of dischargers

along the river. In this study, B, and a;; are assumed as stochastic but #; as deterministic.
Applying MFOSM to the water quality model by substituting equation (3) into equations (3) and (4) gives

!

DOV =B + Y Wa e 6)
[ I
var[DOj]= Z 2 W.W, cov(a,j,ahj )+ 2ZW;- cov(alj,Bj)+ var(Bj) .......... (7)
i=] h=l i=1

where # is 2 general counting index, DO;" is the DO; mean, B/" is the B, mean and a;" is the a; mean. The
system’s uncertainty can thus be expressed in terms of a reliability index dependent on the DO mean and

variance. Let §; be that index for a particular location ;.

I
n " std
DO;‘J _Dojld Bj + ZW,.CIU _.l)C)jr

j _ (8)
‘«'-')'DOJ \E imWh cov(agjahj )-|~ 22 W, COV(aU,Bj ) + Val’(Bj )

k=l

where DO/ is the pre-set DO concentration standard to be maintained at point jand op; is the DO
standard deviation. By assuming that the central limit theorem applies so that D@, is normally distributed,

an assumption that is justified ¥ [ is sufficiently large, the reliability of the DO conceniration meeting a
certain pre-set standard at a location j can be found as
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reliability = P(DO, - DO 20)=¢(8,) ......... ©)

J

where ¢f};) is a function that returns the standardized normal cumulative distribution for a specified value
of §. The greater is §, the higher is the reliability of the system. Positive values of f give reliabilities

greater than 50% while negative values of j; givé reliabilities smaller than 50%.

3.2 MFOSM Applied to Permit Trading

When frading takes place, the discharge locations corresponding to the permits being traded are
changed. For systems where locational effects are non-negligible, this modifies a location’s §; value and

hence, its reliability. Generally, that change in §; can be expressed as

DO" - DO DOT - DO
AB, =B e = Boa =| —— | —| | (10)

O-Do, O-DOJ-
new old

where the subscript old represents the system at its original state before trading, and the subscript rew
the changed state of the system after trading. Therefore, f,.s is location ;s reliability index before
trading, and J;.... is location j's reliability index after trading. From equation (10), it can be deduced that
any change in DO reliability due to trading would be dependent on the change in the mean, as well as
that in the standard deviation, of the DO distribution. The desired DO standard to be achieved is also a
contributing factor. An increase in the mean DO tends to be favorable as it leads to an overall increase in
the reliability, but a corresponding increase in the standard deviation could override that increase in the

mean, resulting in a worse reliability.

For a clearer idea of how the DO mean and standard deviation might change to produce an overall

increase in reliability, equation (10} can be re-written as

AB, =(F,-1)B,,., when B,., #0 ..cc... (11)

where

F, = Bisew _ [DOJ'" ‘DO;{d]new X r[%"fjofd _Ju (12)

i ﬁj,p,’d [DO;H _DOjra' Jm,d lO_DOjJ = fz’j ..........

hew
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Note that equation (12) defines

P LDO;-" —Dojm‘Lew and £, = lGDof J,ew (13)
I,J lDOT _Doj[d Jord 2”' mjord ..........

Equation (11} above applies to cases where [ . is non-zero. For such cases, it can thus be observed
that it is the F; ratio, not the absolute increase or decrease in the DO mean and/or standard deviation, that
determines whether or not a given change in the system produces a positive change in the reliability.
When f;,4 is negative, which is the case when [DOJ-'”-DOJ-‘"" ol 18 Negative, only F; values that are less
than unity will yield an increase in the reliability. Conversely, when g, .. is positive, which is the case
when [DOJ-'"—DOJ-““’],,M is positive, only F; values that are greater than unity will yield an increase in the
reliability.  When F; is exactly one, the reliability remains as before, even though the DO mean and
standard deviation might have changed.

For cases where §, . is zero, equation (10) reduces to simply

Do" -DoY
Aﬁj :ﬁj,newz -

when 3

joold =

by new

B0t 18 Zero when [Dij—DC)j'*‘“]G,d equals zero. When this is true, the initial reliability is exactly 50%, and
the initial DO standard deviation becomes irrelevant. Whether a given change fo the system will produce
a positive or negative A8, depends only on [DO"-DO"} ... A positive [DO"-DO] .. is desirable as it
produces a positive Aff;. The new dpg; comes into play only when calculating for the extent to which the

sid H
new 18

reliability increases or decreases. It is advantageous for the new ay, to be large when /DO/"-DO;

negative, but small when /DO,"-DO;“] .., is positive.
For further illustration of the principles introduced above, consider the following three scenarios.

l. [DOJ-’"-DOJ-“" o218 positive and therefore f; .., is positive.
Il {DO-DO;"] 1ais negative and therefore B, is negative.

0. [DOJ-’"-DOJ-""]DMis zero and therefore ., is zero.
Scenario I: When [D()j'"-Doj“"d 7,14 @nd hence, ., are positive, according to eguation (11}, a F; ratio that is

greater than one is required if it is desired an increase in the reliability. Such a value of F; will be

achieved if and only if £, is greater than f;;. The general idea is that an increase in the mean, though
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encouraging, will not lead to an overall increase in the reliability if there is a too-large increase in the
standard deviation. A too-large increase in the standard deviation will offset whatever improvement in the
reliability due to the increased mean. Refer to Figure 1 below for a graphical illustration of this notion.
Similarly, a reduced mean, though discouraging, is not necessarily harmful-if its negative effects are
compensated by the positive effects of a sufficiently reduced standard deviation. Refer to Figure 2 below.
Furthermore, f;; must always be positive (i.e. the DO mean must always be greater than the DO standard)
for there to be any improvement in the reliability. Due to f;; being inherently positive, a negative f; will

give a negative Af; regardless of what /5, may be.

Do}:—‘d Dojm’
i 1
| I
i |
i I
I pdf bafore trading 1| pdf after trading
g [ g i
g I 3 !
i I 4 i
o | & |
| |
1 I
t pdf after trading | pdf before trading
I I
I I
| | /
| |
|
DO concentration, 20 DQ concentration, DO
Figure 1: One possible effect of trading on the DO Figure 2: One possible effect of trading on the DO
distribution when 3, is positive. Although there is distribution when ;. is positive. Although there is
anincrease in the mean (f;,>1), due to an increase a decrease in the mean (0<f;,<1), due toa
in the standard deviation (f;,>1) such that /; > /. decrease in the standard deviation (f;,<1)such that
there is an overall decrease in the reliability. 7, is fi> fo, there is an overall increase in the reliability.
greater than zero but less than one. F,is greater than one.

Scenario |I. When [DOJ-’"-DOJ-M]DM and hence, 3.4 are negative, it is only when F; is less than one that an
increase in the reliability is possible. For F; to be less than one, f,; must be greater than f£;;, which can be
either positive or negative. A positive f;; that is greater than unity means a deterioration in the mean DO.

When f;; is positive, a negative A, may be avoided if the deterioration in the mean is accompanied by an

20



increase in the standard deviation to a new value that is at least f;; times the original value. Refer to
Figure 3 below. On the other hand, f;; ratios that are less than unity, including those in the negative
range, indicate an improvement in the mean. Generally, this leads to a healthier reliability. However, for
cases where f;; is non-negative, but still less than unity, should this increase in the mean be followed by a
decrease in the standard deviation such that f;; becomes smaller than f;;, then the good effects d the
improved mean is cancelled, and sometimes even surpassed, by the unpleasant effects of the narrowed

standard deviation. Refer to Figure 4 below.

Scenario Ill: When [DQ,-"’-DOJ"“']“M and f; ., are zero, the original reliability before trading is exactly 50%
irespective of the standard deviation. The only requirement for a better after-trading reliability is an
increased mean DO such that the new DO, is greater than DO;™. As for the standard deviation, there is
no specific constraint on it as fong as there is an increase in the mean. When this is the case, the
reliability will be greater than 50% no matter the standard deviation, though a reduced standard deviation
is favored. Refer to Figure 5 below. On the contrary, when the mean is decreased to less than DO/, the
reliability will be less than 50%. For such cases, an increased standard deviation is favored. Refer to
Figure 6 below. An unchanged mean means an unchanged reliability regardiess of how the standard
deviation might change. Refer to Figure 7 below.

Dajm’ Doj::d
B 1
I
pdf before trading pdf after trading :
\ \ !
I
£ £ [
O i - H
'E pdf after trading _g pdf before trading :
& i I
1
H
H
!
I
I
: 1
DO concentration, DO, DO concentration, DO,
Figure 3: One possible effect of trading on the DO Figure 4: One possible effect of trading on the DO
distribution when j;,; is negative. Although there distribution when f,,; is negative. Although there
is a decrease in the mean (/;>1), due to an is an increase in the mean {f; <1), duetoa
increase in the standard deviation {f; >1) such that decrease in the standard deviation {f;,<1) such that
25> fi» there is an overall increase in the reliability. Si7 2y there is an overall decrease in the
F,is less than one. reliability. F;is greater than one.
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Figure 5: Cne possible effect of trading on the DO Figure 6: One possible effect of trading on the DO
distribution when 8, is zero. A decreased distribution when f;,, is zero. An increased
standard deviation is favorable when there is an standard deviation is favorable when there is a
increased mean. On the overall, there is an decreased mean. On the overall, there is a
increase in the reliability. decrease in the reliability.
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Figure 7: One possible effect of trading on the DO

distribution when B, ., is zero. The standard is irrelevant
when the mean is unchanged. Regardless the standard

deviation, the reliability remains exactly 50% when there

is no change to the mean.
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Since the DO reliability directly relies on its mean and standard deviation, the more fundamental question
is what are the factors, within the permit trading context, affecting the mean and standard deviation. For
a river system, if defining T; as the net amount of permits traded by discharger i, equations {6) and (7) can
be re-written to give

ND
DOy =B+ Y (W +T )2l e (15)

Var(DOj,new )= Z Z (Wf,ard +T; XWk,oId + 1 )Cov(afj.ak;‘ )

+ 2% (W,-,o,d + T, )cov(a,j,Bj)+var(Bj) .......... {(16)

i=1

DO"; e is the new mean DO concentration at point j after trading, var(DO, ..} is the new DO variance at
point j after trading and W, is discharger i’s original discharge rate before trading. 7; can be either
positive or negative. 7; is positive when there is a net buying of permits by discharger i, and negative
when there is a net selling of permits by discharger ;. Since the totat amount of permits is fixed, the net
sum of all permits traded must be zero.

From equations (15) and (16), it can be seen that the DO mean and standard deviation %alre functions of
the B; and qy; distributions, as well as the sign and quantity of 7;. The B; and ay; distributions in turn, are
subject to local weather fluctuations and cther similar factors, while 7; is constrained by economic
considerations. For further illustration, for a two-discharger system where 7,=-T; equat:ion {15) can be
rearranged to give :

ADOT =DO?, -DOT =Tl(a,'". ——a;"j) .......... (18)

Jrew

where ADG™ is the effect of trading on the DO mean concentration at point j, and DO, is the original
DO mean at point j before trading. Equation (18) indicates that a trade that transfers permits from a
source with a greater negative mean a; to ancther with a smaller negative mean a;; brings about an
improved DO mean. Refer to Figure 8 below. Figure 8 shows the ADO" = 0 line, which overlies the a,," =

ay;" line. When T is positive, i.e., when there is a net transfer of permits from discharger 2 to discharger
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1, any combination of a;," and a;" that falls above the ADO/=0 line will cause an increase in the DO
mean, and vice versa. The DO mean is independent of trading for &";; - «™; combinations that fall on the
ADO=0 line. The farther a system's ", ; -¢™;; combination is from the ADO;"=0 line, the more sensitive is

the system to trading. Note that the B, distribution does not affect ADG/™.

S
v <
~

T,=b
c E: T,=¢
g 5
mean azj var(a2j}
Figure 8: The ADO;"=0 line for a two-discharger Figure 9: The Avar(DO)={ line for a two-
river system. The ADO;"=0 line is independent discharger river system for a QiVEﬂ

of W, T;@nd the B, distribution. It overlies the combination of ¥, and Vﬂr(Bf):- The

x=yling, Avar(DO))=0 line changes with T;. ;Note that

f<a<b<ec.

I much the same way as equaticn (15) can be re-written to give equation (18), equation {16) can be re-

written to give

Avar(DO,)=var(DO,,,, )-var(DO, ) = T {varla,, ) - _
Zcov(au,azj)-l— var(azj. )}+ 2Tl{Wm,d var(alj)+ (Wz,ofd =W o )cov(alj,azj)—

W, i var(azj )+ cov(alj,Bj.)— cov(azj,ng)} .......... (19}

where Avar(D0;) represents the effect of trading on the DO variance/standard deviation, while var(DO, .0}

is the original DO variance at point j before trading. Equation (19} indicates that generally, there will be
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an increase in the DO variance whenever there is a transfer of permits from a source with a smaller g
variance to another with a greater a; variance. However, this is not always the case. The opposite may
be true depending on W, ., which represents the initial allocation of permits, and 7,. Avar(DO)) is also
affected by the 5; distribution. Refer to Figure 9 above, which gives the Avar(DO)=0 line and
demonstrates how it changes as 7; changes when all other factors are kept constant. For a given
{positive) value of T, var(a,;)-var(az;) combinations that fall above its corresponding Avar(20C;)=0 line will
cause var(DO) to be increase. In the same way, var(g,)-var(ay) combinations that fall below the
corresponding Avar(DO)=0 line will cause var(DCO) to decrease, and those that fall exactly on the
corresponding Avar(DO;)=0 will render the system insensitive to trading. Systems with var(a,)-var(a,))
combinations that lie farther from the Avar(2()=0 [ine tend to be more vulnerable to trading than others
with var(a,,)-var(a;) combinations that lie nearer to the Avar(DO;)=0 line. Note that the Avar(DO;=0 line

does not overlap the var(a;;J=var(az) line.

3.3 A Hypothetical Example of a River System with Two Dischargers

For some numerical confirmation of the ideas developed in the previous sub-sections, consider a
hypothetical example of permit trading applied to a stochastic river system with two dischargers. First
consider a scenario where W,y = 3 [MIT], W0 = 4 [M/T], &™;; = -0.2 [(M/Ls) H{MIT)], ™3 = 0.4 [M/L3 per
M/T], B" = 8.0 [MIL], var(a) = 0.025 [(M/L%) / (MIT))%, var(ay) = 0.04 [(M/L%) 1 (M/T)]?, var(B;) = 0.02
ML), cov(aspaz) = 0.013 [(MIL%) / (M), covia;,B,) = 0.009 (ML) / (MT)] and cov(a;,B)) = 0.011
[(M%L®%) / (MIT)]. This scenario corresponds to Scenario | as defined in the previous sub-section where for

a DO value of 5 [MILY], B, is positive.

Consider also a second scenario where W ..z = 5 [M/T], Wy = 4 [MIT], ™, = -0.30 [(M!Ls) H{MITY], a" = -
0.35 [(MILY) / ()], B = 7.0 [MILY], var(a;) = 0.01 [(MIL) / (M), var(az) = 0.10 [(MAL®) / (MIT))%,
var(8) = 0.02 [MIL),  cov(ayaz) = 0.013 (ML) / (MIT)?, covia,;,B) = 0.006 [(M7L°) / (M/T)] and
cov(a;.B;) = 0.018 [(MZILS) / (MIT)]. This scenaric corresponds © Scenario I as defined in the previous

sub-section where for a DOJ-“" value of 5 [M/LS], B,14 is negative.

For both scenarios, refer to Table 1 below for the initial DO mean, standard deviation and reliability before
any trading is allowed. Refer also the Figures 10 to 13 to cbserve how trading might affect the DO mean,
standard deviation and reliability. The figures were plotted based on eguations (8), (9), (14) and (15).
For additional exemplification, four sub-scenarios were defined. Sub-Scenario A is defined as when T = -
4 [M/T], Sub-Scenario B as when T; = -2 [M/T], Sub-Scenario C as when T, = 2 [M/T] and Sub-Scenario D
as when 7, = 4 [M/T]. Recall that when T, is negafive, as in the cases of Sub-Scenarios A and B, there is

a net transfer of permits from discharger 1 to discharger 2. And when T, is positive, as in the cases of
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Sub-Scenarios C and D, there is a net transfer of permits from discharger 2 to discharger 1. For each of
the two scenarics and each of the four sub-scenarios, Af; was calculated. The f;;, £, and F; ratios (refer
to equations (12) and (13)) were also determined to verify the concepts proposed in the previous sub-
section. Refer to Table 2 below. Moreover, the Avar(D0;)=0 and ADO;"=0 lines were drawn to give further

insight to the problem. Refer to Figures 14 and 15.

Tabie 1; The initial DO mean, standard deviation and reliability (T, = 0) for Scenarios | and |l

Scenario | {Bjota > 0) Il (Bj1 < 0)
Bi .ol [l 0.285 -0.561
DO%qa ™MLY 5.400 4.100
Opojold  MALY 1.404 1.605

Table 2; Effect of trading on the DO mean, standard deviation and reliability for Sub-Scenarios A to D.

Sub-Scenario 1A B -C D A I-B I-C it-D

T, M) 400 200 200  4.00 400 200 200  4.00

AB; [ 0516 -0.285 0291  0.523 0.143 0085 -0.112 -0.164
ADO™  MLY -0.800 -0.400 0400  0.800 0200  -0.100  0.100  0.200
AGpo; ™MLY 0.330  0.122  -0.015  0.081 1.028 0496 -0.415 -0.640
fi [ -1.000  0.000 2.000  3.000 1222 1111 0889 0.778
fy B 1235 1.087 0989  1.058 1.640 1309 0741  0.601
F, £] -0.810  0.000 2021 2.836 0.745  0.849  1.199  1.293
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The results presented in Table 2 illustrate the idea proposed in the previous sub-section of how the effect
of trading on envircnmental reliability might be described in terms of certain ratios, namely the f;, /; and
F; ratios. And of how these ratios are able to give a good understanding of how trading-induced changes
in the DO mean and/or standard deviation might cause the DO reliability to either increase for the better

or decrease for the worse.

Consider first the case where .y is greater than zero, which is the case of Scenario | and its four sub-
scenarios, A to ID. The numbers in Table 2 validate equation (11) that prescribes that for a positive
Bioio value, a F; ratio that is greater than unity is required for an increased reliability. Sub-Scenarios FA
and B have F) ratios less than one with negative changes to their reliabilities; while Sub-Scenarios +C
and I-D have F; ratios greater than one with positive changes to their reliabilities. Furthermore, the
system specifications are such that the reliability is a stronger function of the mean, than it is of the
standard deviation. Since the standard deviation does not change significantly with trading, an increased
mean tends to bring about an increased reliability, and vice versa. Take for example Sub-Scenario ID
where there is an increase in the mean {; >1) that helps the refiability. However, at the same time, there
is also an increase in the standard deviation {5,>1) that inhibits the reliability. Since s, is greater than /5,
which means that the positive effects of the increased mean outweighs the negative effects of the
increased standard deviation, there is an overall increase in the reliability (F,>1). Take also the example
of Sub-Scenario FA where trading has caused the mean to fall to below DO;”" (f,,<0) and by that alone,
the refiability to drop (F<0<1). This is regardless of the changes to the standard deviation, which
incidentally, has increased. However, the increase in the standard deviation ;,>1) does mitigate the

negative effects of the decreased mean, even though it is unable to fully offset them.

Consider now the case where f .y is smaller than zero, which is the case of Scenario Il and its four sub-
scenarios, Il-A to [I-D. For this scenario, F; ratios smaller than unity are desired, as they bring about
better reliabilittes (equation (11)). Again, the results in Table 1 confirm this. Sub-Scenarios II-A and HI-B
have F; ratios that are less than one, and reliabilities that are improved by trading. On the other hand,
Sub-Scenarios I-C and II-D have F; ratios that are greater than one, but reliabilities that are made worse
by trading. Unlike Scenario 1, Scenario 1I's specifications are such that the reliability is no more sensitive
to changes in the mean than to changes in the standard deviation. For instance, Sub-Scenario II-A has a
reduced mean fi,>1) but an improved reliability F;<1). This is due to its increased standard deviation
{2;>1) being able to counterbalance the effects of the decreased mean &> /). In the same manner,
Sub-Scenaric II-C has an improved mean {;,<1} bul a reduced reliability F>1). And in the same way,

this is due to its decreased standard deviation {;<1) neutralizing the good effects of the increased mean

{f2,< 114}
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The two scenarios can also be described graphically in relation to their Avar(DO)=0 and ADO"=0 lines.
Refer to Figures 14 and 15 below. Figure 14 shows the a";; - a™5; points for Scenarios | (denoted as Sl)
and |l (denoted as Sll). The a"}; - 4™y points for both scenarios fall above the ADG,"=0 line and because
of this, the DO mean increases whenever T, is positive (as it is for Sub-Scenarios FC, D, {I-C and [I-D),
and decreases whenever T, is negative (as it is for Sub-Scenarios FA, B, IIl-A and [1-B). The S point lies
farther from the ADO;"=0 line than does the Sil point. This explains why the reliability is so much more

sensitive to changes in the mean in Scenario | than in Scenario 1.
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Figure 14: The effect of trading on the DO Figure 15: The effect of trading on the DO
reliability index, f; for Scenarios I and Il reliability for Scenarios land Il.

Figure 15 shows the var(a,;)-var(az) points for both scenarios. Again, the point for Scenario | is dencted
as Sl while the point for Scenario |l is denoted as Sll. Note that the Sl point falls below the Avar(DO;)=0
line for 7; equal to —4[M/T], —2[M/T] and 2[M/T], but above the Avar(DO)=0 line for T; equal to 4[M/T].
This corresponds to the results in Table 2 that shows that the standard deviation increases with trading
for Sub-Scenarios FA, FB and FD, but decreases with trading for Sub-Scenario FC. This proves the point
put forth in the previous sub-section of how var(a;;)-var(a,;) combinations that fall below the Avar(DO;)=0
line wil cause the standard deviation to decrease with trading when T; is positive, or to increase with
trading when T; is negative. The data for Scenario !l further support this argument. The Sl point falls
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above the Avar(DO,;=0 line for all four trading possibilities, which fully agrees with the observation that the
standard deviation increases for the sub-scenarios where T; is positive (Sub-Scenarios II-C and II-D}, but
decreases for the sub-scenarios where T; is negative (Sub-Scenarios II-A and 1I-B). 1t is also interesting
to note that the Sl point is farther away from the Avar(DO, =0 line than is the S| point. This explains why

changes in the standard deviation are more able to override the effects of changes in the mean for
Scenario I, than for Scenario |,
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4.0 METHODOLOGY

One of the objectives of this study is better to understand how discharge permit trading might affect the
mean and variation of environmental quality. To demonstrate the methods developed, two riverine
systems are analyzed. The first is the Willamette River in Oregon, USA and the second is the Athabasca
River in Alberta, Canada.

The Willamette River is approximately 300 km long, with a drainage basin of around 29785 km? in area.
Bounded by the Coast and Cascade mountain ranges, its mainstem flows in a northerly direction before
discharging into the Columbia River just downstream of Portland. Not only is the Willamette River popuiar
for fishing and recreation, it is also a key drinking water source for numerous communities alongside it.
There are over fifty municipal and industrial facilities [Tetra Tech, 1995] discharging into the river. This
study assumes seventeen of these dischargers, comprised of eleven municipal Wastewater Treatment
Plants (WWTP) and six Pulp and Paper Mills (PPM), as controlled sources, and the remaining as

uncontrolled sources.

The Athabasca River begins in the Columbia Ice Field glacier in the Canadian Rockies, and is the longest
river in Alberta. It measures 1538 km in length from its origin at the Columbia lcefield in the Jasper
National Park to its mouth at Lake Athabasca in the Wood Buffalo National Park. The Athabasca River is
prized for its outstanding natural beauty, historical significance and recreational value. Like most of
Northern Alberta, the Athabasca River Basin is largely forested, making it an important source of
pulpwood for paper-making. Thetre are nine sizeable point source facilities discharging into the river,
mostly PPMs and WWTPs., This study considers five of these facilities, all of which are PPMs, as
controlled sources, and the remaining four as uncontrolled sources. Of the five controlled sources, four
discharge directly into the Athabasca River and one indirectly via the Lesser Slave River, which is a

tributary to the Athabasca River.

Table 3 gives further details of the controlled sources and was compiled from information provided by
Tetra Tech [1995] and Tolson [2000], for the Willamette River, and from Macdonald and Hamilton [1989]
for the Athabasca River.

Each system is modeled and simulated to predict how it might behave under a Tradable Discharge Permit
(TDP) program. For each system, an environmental-response model and a permit-trading medel are
developed, and by linking the two models together, the system is first optimized to determine its initial
permit allocation, then re-optimized to find its final TDP equilibrium. A comparisen between a system’s
environmental quality before and after trading (characterized as the water quality reliability} can then be

made. This is so fo gain some quantitative measure of how trading might cause the environment to
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Table 3: List of controlled point dischargers for the Willamette and Athabasca Rivers.

# Controlled Point Discharger [ndustry (PPM Subtype) Location (RK)
The Willamette River Case

1 Metropolitan W/W Management Commission WWTP 16

2 Pope & Talbot Inc. PPM {Alkaline-Market) 65

3 James River Paper Co. Inc. PPM {Deink-Fine & Tissue) 65

4 City of Corvallis WWTP a

5 City of Albany WWTP 111
6  Willamette Industries Inc. PPM (Alkaline-Unbleached} 115
7 City of Salem WWTP 176
8 City of Newberg WWTP 221
9 Smurfit Newsprint Corp. (Newberg) PPM (Groundwood-Fine) 221
10 City of Wilscnville WWTP 239
11 City of Canby WWTP 248
12 Smurfit Newsprint Corp. {Oregon City) PPM (Deink-Newsprint) 257
13 Simpson Paper Company PPM (Deink-Fine & Tissue) 259
14 Tri-City Service District WWTP 261
15 City of Portland WWTP 269
16 Oak Lodge Sanitary District WWTP 269
17 Clackamas Co. Service District # 1 WWTP 272
The Athabasca River Case

1 Welwood of Canada Ltd. PPM {Alkaline-Market) 14

3 Alberta Newsprint Company PPM (Nonintegrated Boards) 203
2 Millar Western Pulp Ltd. PPM {Nonintegrated Boards) 212
4 Alberta Energy Company (AEC) PPM (Nonintegrated Boards) 498

5 Alberta Pacific Forest Industries Inc. PPM (Alkaline-Market) 610
Notes:

1. PPM Subtype as defined by E.C. Jordan [1979].

2. RK Qs defined as the most upstream point of the river being modeled.

3. AEC discharges into the Lesser Slave River, which is a tributary that discharges Into the Athabasca River at RK 498.
4, Table compiled from Tetra Tech [1995], Tolson [2000] and Macdonald & Hamilton [1989].



change, and from there to pass judgment on whether or not unrestricted trading is an appropriate means

of pollution control.

in this study, environmental quality is measured as the reliability of the DO concentration meeting a
certain pre-set standard, where reliability can be defined as the probability of the system performing as
desired or better. The DO concentration is an appropriate measure of environmental quality. Prolonged
exposure to low DO levels will cause fish stress, if not fish kil. Furthermore, a healthy BO congentration
is required to prevent anaerobic conditions that will render the water aesthetically unpleasing. This use of
reliability is a parsimonious and environmentally meaningful way of combining concepts of mean and

variance of the critical water quality parameter i.e. the DO concentration.

To further limit the scope of this study, only BOD wasteloads are considered regufated and tradable.
Nitrogen, phosphorus and other waste discharges are either assumed negligible and not included in the
model, as for the Athabasca River case, or kept constant and uninfluenced by trading, as for the

Willamette River case.

For details of the computational work involved and the assumptions made, refer to the following sub-
sections. Sub-Section 4.1 describes the environmental-response models developed for each river, while

Sub-Section 4.2 explains further the permit-trading model.

4.1 Environmental-Response Model

Recall from Section 3.1 that equation (5) gives the DO concentration at a point in a river, and, for
stochastic systems, equations (8) and (9) the reliability of the DO concentration meeting a certain pre-set
standard. In these equations, DO;, B; and a; are random variables characterized in terms of their means,
variances and covariances. Their randomness represents the environment's stochastic nature,
particularly, the variation of stream flow and water temperature. W, is deterministic as it is a function only
of human decisions and thus, independent of environmental fluctuations. In this study, DQ; and S are
output variables, W; an input variable and B; and a;; input parameters, The following sub-sections explain
how the B; and «; distributions were derived for first the Willametie River case, then the Athabasca River

case.
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4.1.1 The Willamette River

For the Willamette River case, the B; and «;; distributions were derived, using Latin Hypercube simulation,
from a modification of the Tetra Tech QUAL2EU Willamette River model [Tetra Tech, 1995], with data
from Tolson [2000]. For details of the QUALZ2EU Water Quality Model, refer to Brown & Barnwell [1987].

The original Tetra Tech QUAL2EU medel [Tetra Tech, 1995] is one-dimensional and steady state. |t
divides the Willamette mainstem into 141 reaches of uniform physical characteristics, with each reach
being further divided into 0.161 km long elements. Included in the model are 53 point-source dischargers
and 14 tributaries. The model was calibrated using August 1992 data, and verified using August 1994
data. The model was specifically designed for the critical low-flow, high;temperature months of July,
August and September. The model is fairly comprehensive. It does not neglect the interdependencies
between the nitrogen, phosphorus and algae concentrations, nor their effects on the DO concentration
profile. Nevertheless, it is not entirely accurate. It fails to consider the effect of backwater mixing from the
Columbia River, which is not insignificant for the portion of the river between Willamette Falls and the river
mouth. H also wrongly neglects non-peint source discharges.

The original Tetra Tech QUAL2EU model [Tetra Tech, 1995] is deterministic. To meet the purposes of
this study, the original model was modified accerding to suggestions by Tolson [2000]. The input
variables for stream flow, temperature and Sediment Oxygen Demand (SOD), originally deterministic
constants, were re-entered as random variables, characterized by probability distribution functions, to
reflect the stochastic environment. Refer to Table A1 in Appendix A, which was compiled by Tolson
{2000], who estimated the stream flow and temperature probability distribution functions from historical
data collected by the United States Geological Society (USGS) (refer to www.usgs.gov), and the SOD
probability distribution function from field data by Tetra Tech [1995].

As suggested by Tolson [2000], for the stream flow, only the headwater flows for the Willamette River
mainstem and three of its major fributaries i.e. the McKenzie, Santiam and Clackamas Rivers, were made
random. The headwater flows for the remaining eleven tributaries were kept deterministic at their August
1992 values. As for the temperature, of which a separate input value is required for each reach, only the
input for Reach 81 (at Salem at RK 135) was made random. This is due to the scarcity of historical data.
The input temperature values for the other reaches were held deterministic but as functions of the Reach
81 input. For the SOD, which was deemed negligible by Tetra Tech [1995] for portions of the river
upstream of RK 81, both SOD input values were randomized. The first SOD input value is for the river
section between RK 42 and RK 81, while the second input value is for the river section between the river

mouth and RK 42. The SOD was further assumed to be uniform within each section.
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Tolson [2000] also suggesied changes to the DO reaeration coefficient. The original Tetra Tech [1995]
model determines the reaeration coefficient using the O'Connor and Dobbins [1958] equation, which
calculates the reaeration coefficient from the average siream velocity and depth. However, the O'Connor
and Dobbins [1958] equation dcoes not always give predictions that match reality. The C’Connor and
Daobbins [1958] equation in the original model was therefore modified to include an error term. Based on
work by Melching and Flores [1999], who developed a database of more than 370 measured reaeration
coefficient values, Tolson [2000] proposed that error term be random, and varying according to the

probability distribution function given in Table A-1.
Tolson [2000] also determined correlation coefficients between the various random variables (refer to

Table A-2 in Appendix A). With the data and suggestions by Tolson [2000] applied, the Tetra Tech [1995]

QUALZEU model was then re-programmed into a spreadsheet.

Table 4. Mean a; and B; for the river mouth at RK 300 for Willamette River case

Mean for the River Mouth

ltem Discharger ie.| = RK 300
ayj Metropolitan WAW Management Commission -0.864
agj Pope & Talbot inc. -0.958
as; James River Paper Co. Inc. -0.958
a4 City of Corvalis -1.004
asj City of Albany -1.043
agj Willametie industries Inc. -1.057
ayj City of Salem -1.241
Bgj City of Newberg -1.307
agj Smurfit Newsprint Corp. (Newberg) -1.307
agj City of Wilsonville -1.343
A City of Canby -1.377
a1z Smurfit Newsprint Corp. (Oregon City) -1.403
a13j Simpson Paper Company -1.363
A Tri-City Service District -1.399
aisj City of Portland -1.381
aig Oak Lodge Sanitary District -1.353
ary Clackamas Co. Service District # 1 -1.306

B, 6.788

Notes:

1. The a; means are in the units of (mg/L)/{kg BODW/s}. The B; mean is in the units of mg/L.
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Table 5: a;-B; variancelcovariance matrix for the river mouth at RK 300 for the Willamette River.

ltem a, ay ay ay ag ag ay ay ay MY ay A1z By Ay ars ag ag; B;
ay 0.020 0022 0022 0024 0025 0025 0030 0031 0.031 0.031 0.031 0.031 0033 0030 0029 0028 0.027 0016
ay; 0.022 0025 0.025 0027 (0.028 0.028 0.034 0036 0036 0035 0036 0.035 0034 0.035 0.033 0033 0.031 0.018
ay 0.022 0025 0.025 0027 0028 0.028 0.034 0036 0036 0035 0038 0.035 0.034 0.035 0.033 0033 0.031 0.018
ay 0.024 0027 0.027 0.028 0.030 0.030 0.036 0038 0038 0.038 0038 0038 0037 0038 0.036 0035 0033 0.018
a 0.025 0028 0028 0.030 0.031 0.032 0038 0040 0040 0040 0040 0040 0039 0.040 0.038 0037 0.035 0019
ag 0.025 0028 0028 0030 0032 0032 0.039 0040 0.040 0040 0.041 0.041 0.040 0040 0039 0.038 0036 0.019
ar; 0.030 0034 0034 0036 0038 00390 0.047 0049 0049 0049 0050 0050 0049 0.050 0048 0047 0045 0.021
ag 0.031 0036 0036 0038 0040 0040 0.049 0052 0052 0.052 0.053 0.054 0.052 0053 0052 0.051 0.049 0.019
ay 0.031 0036 0038 0038 0040 0.040 0.049 (0052 0.052 0052 0.053 0054 0.052 0054 0052 0051 0.049 0.019
A1 0.031 0.035 0.035 0038 0040 0040 0.049 0052 0052 0.054 0055 005 0055 0056 0055 0054 0052 0015
aqyj 0.031 0.036 0036 0038 0.040 0.041 0050 0053 0053 0055 0057 0059 0057 0059 0.058 005 0055 0.011
Aty 0.031 0035 0035 0038 0040 0041 0050 0054 0054 0056 0058 0061 0059 0061 0.060 005¢ 0057 0007
g . 0.030 0.034 0.03¢ 00637 0.039 0040 0049 0052 0052 0.055 0057 0.059 0.058 0.060 0059 0.058 0.056 0.005
Ay 0.030 0.035 0035 0038 0.040 0.040 0050 0053 0054 0.056 0059 0.061 0.060 0.061 0.060 0.058 0.058 0.005
B4 0029 0.033 0033 0036 0.038 0039 0048 0052 0052 0055 0.058 0060 0059 0.060 0.060 0059 0.058 0.001
A4g) 0.028 0.033 0033 0035 0037 0038 0047 0051 0.051 0.054 0.056 0059 0058 0.059 0.059 0.058 0057 0.000
ay 0.027 0.031 0.031 0033 0035 0036 0045 0049 0.049 0052 0.055 0057 0056 0058 0.058 0.057 0056 -0.002
B; 0016 0018 0.018 ©c18 0019 0019 0.021 0.019 0019 0.015 0.011 0.007 0.005 0.005 0.001 0.000 -0.002 0.320

Notes:

1. The i in a; is the discharger number. The dischargers are numbered according to Tables 3 and 6,

2. The a;-a; varlances/covariances are In the units of [(mg/L)/(kg BOD,/s)]>. The a;-B; covariances are in the units of (mg/L)%/(kg BOD,/s) . The BB, variance is in the units of {mg/L)*.
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Muitiple realizations of B; and a; were then derived using a Latin Hypercube simulation, with the help of
the software @Risk by Palisade (ww.palisade.com). The a; were derived for each of the seventeen
controlied sources (refer to Table 3). B; and a; were derived for the river mouth, which preliminary studies
found to be the system’s sole critical point. B, was derived by sefting to zero #; for all seventeen of the
controlled sources. The resulting DG; gives B;. ay, for the first discharger was then determined by setting
to zero W; for all but the first of the controlled sources, which was set to a unit discharge amount. The

resulting DO; subtracted by B; gives ay; for the first discharger. In the same manner, a; for the subsequent
dischargers was found.

The Latin Hypercube simulation was carried out for 5000 iterations to obtain 5000 realizations of B; and
ay. Based on the 5000 realizations, the B; and a;; distributions were determined using commeon statistical
methods. Refer to Tables 4 and 5 above for the B, and a; means, variances and covariances found.
These values were then introduced into equations (5), (8) and (9) to estimate the river's critical DO

reliability as a function of ¥,

4.1.2 The Athabasca River

The B; and a; distributions for the Athabasca River were derived from the thirty towest stream flow values
for each year from the period 1963-92, the common period for the four principal gauges on the river,
Hinton, Whitecourt, Athabasca, and Ft. McMurray [Burn, Personal communication, 1990]. These
streamflow data were incorporated into a modified version of the Streeter-Phelps model [Streeter &
Phelps, 1925; Chapra, 1997]. The modified mode! includes the effects of oxygen demanding substances
in the sedimentary layer i.e. the Sediment Oxygen Demand (SOD) and is one-dimensional, steady-state
and deterministic. The model was based on data and schematics by Macdonald and Hamilton [1989],
and was calibrated for the winter period. The Athabasca River is a winter-critical river. Low dilution rates,
due to low flows, combined with an aimost complete ice-cover, makes the winter period especially
vulnerable to BOD discharges and high DO deficits. The model incorporates 25 tributaries, five PPMs,
three WWTPs and one oil-processing plant. Note that one of the PPMs, the Alberta Energy Company
{AEC}, does not discharge directly into the Athabasca mainstem, but into the Lesser Slave River, a
tributary. The model covers 1150 km of river, including the Lesser Slave River, with the town of Hinton
being the most upstream point of interest. 1t divides the Athabasca mainstem into 52 reaches, and the
Lesser Slave River into 4 reaches, each of uniform physical characteristics.

By partitioning the Streeter-Phelps model into seven BOD compartments (one for each of the five PPMs,
one for the three WWTPs and the one oil-processing plant combined, and one for the background BOD)
and by running the modified model muitiple times, each time with a different set of flow inputs, Eheart

[Personal communication, 2002] was able to derive multiple realizations of B, and a;. In this model, 8, is
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defined as the DO conceniration when the five PPM wasteloads are set zero but the WWTP and oil-
processing plant wasteloads maintained at their original rates given in the Macdonald and Hamiiton
[1989] report.

In total, Eheart [Personal communication, 2002] obtained thirty realizations of B; and a; from thirty years
worth of low-flow data. Refer to Table A3 in Appendix A for the low-flow data. To estimate the stream
flow at portions of the river between the gauges, Eheart [Personal communication, 2002] had to pro-rate
the measured data according to proportions derived from the 7Q10 flows reported by Macdonald and
Hamilton [1989].

The Athabasca River has two critical points, the first at RK 449 corresponding to Reach 27, which is just
upstream of the Lesser Slave and Athabasca Rivers confluence, and the second at RK 811
corresponding to Reach 37, which is just upstream of the Grande Rapids. For simplicity sake, this study
assumes that the individual reliabilities at the two critical locations are co-dependent such that they tend
to vary together so that on the overall, the system reliability equals the reliability at the constraining
location. B; and «; were found for both critical focations. Refer to Tables A-4 and A-5 in Appendix A for

the thirty B, and a;; realizations obtained.

The B, and a; distributions, in terms of their variances, covariances and means, were found from the
muitiple B; and a; realizations, using common statistical methods. Refer to Tables 6 and 7 below for the
results obtained, which subsequently were substituted into equations (5), (8) and {9) to determine the

critical DO reliabilities subject to ;.

Table 6: Mean a;; and B; for the Athabasca River case at RK 449 and RK 811.

Mean for Reach 27 Mean for Reach 37

tem  Discharger ie.] = RK 449 Le.] = RK 811
aij Welwood of Canada Ltd. -0.595 -0.322

azj Alberta Newsprint Company -0.105 -0.058
o Millar Westem Pulp Ltd. -0.479 -0.228

A4 Alberta Energy Company (AEC) 0.000 -0.093

as Alberta Pacific Forest Industries Inc. 0.000 -0.251

By . 8.514 8.690

Notes:

1, The a; means are in the units of (mg/L)/(lon BODs/d). The B, mean is in the units of mg/L.
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Table 7: The aj-B; variance/covariance matrix for RK 449 and RK 811 for the Athabasca River.

ltem dy) az as; 24 as; BJ‘
j = RK 449 at Reach 27

& 0.0081 0.0007 0.0047 0.0000 Q.0000 -0.0122
& 0.0007 0.0001 0.0005 0.0000 0.0000 -0.0029
8 0.0047 0.0005 0.0033 0.0000 0.0000 -0.0064
a4 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
s 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
By -0.0122 -0.0028 -0.0064 0.0000 0.0000 0.3418

j=RK 811at Reach 37

&y 0.0080 0.0009 0.0036 -0.0005 0.0039 0.0034

az 0.0000 0.0002 0.0006 -0.0001 0.0006 0.0005

y 0.0038 0.0006 0.0024 -0.0003 - 0.0025 0.0022

B -0.0005 -0.0001 -3.0003 0.0003 -0.0002 -0.0004

A 0.0039 0.0006 0.0025 -0.0002 0.0029 0.0026

B 0.0034 0.0005 0.0022 -0.0004 0.0026 0.0033
Notes:

1. Theiin a;is the discharger number. The dischargers are numbered according to Tables 3 and 6.
2. The ay-a variances/covariances are in the units of [(mg/LY/(ten BODs/d))®. The a;-B; covariances are in the

the units of (mg/LY/{ton BODs/d) . The B-B varlance Is In the units of (mg/LY.

4.2 Permit-Trading Model

The permit-trading model can be divided into two parts, the first to determine the initial permit allocation,
and the second to find the final TDP equilibrium. The model requires the input of certain cost data, which
were taken from Tolson [2000], who updated figures by Van Note et al [1975] and E.C. Jordan [1979], for
the Willamette River; and from Eheart [Personal communication, 2002], who referred to E.C. Jordan
[1979], for the Athabasca River. Refer to Tables B-1 to B-17 in Appendix B for the Willamette River cost
data, and Tables B-18 to B-22 for the Athabasca River cost data, used in this study. The tables also give
the results obtained from the piecewise linearization of the raw data, which was carried out to convert the
originally non-convex and discrete cost curves into a more manageable form that is not only convex but
also linear.
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4.2.1 Initial Permit Allocation Sub-Model

At the onset of a TDP program, the program participants i.e. the controlied point dischargers are allocated
a certain amount of permits, each according to some formula that is equitable to all stakeholders involved.
In this study, for the Willamette River case, that formula is taken to be a uniform-reduction equation i.e.
the initial allocation is based on what the dischargers’ wasteloads would be if they were required to
reduce their current wasteloads by a certain uniform percentage. As for the Athabasca River case, where
all the controlled sources are from the same industry, that formula is taken to be a uniform-production-
based equation i.e. the initial allocation is based on what the dischargers’ wasteloads would be if they
were required to limit their discharges to a cerfain uniform amount of BOD per unit of paper pulp
production.

The initial permit allocation for a system can thus be represented as the solution to the following
optimization problem,

MIN Cost = iA,. - iiG:‘ka .......... (20)
=1 it k=1
Subject to the constraints
L,<w,sU,, ali,alk ... 1)
P(DO, > D0 )=¢(B)2a, j=al critical points ........ (22)
w, =§K:wi,‘ =f(R),all i ., (23)

Where

bor —DOS.rd Bjm + EWY,GE‘ - DO;’d
p=— L= e (8)
W, cov(ay.jahj )+22Wi cov(a,.j,Bj )+var(Bj)

=l =1 i=l

2
M-
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A, is the extrapolated waste abatement cost for discharger i when W, is zero, wy is piece k of W, (W is
broken into several pieces by the piecewise linearization of the raw cost data), G, is the gradient for piece
k of discharger i's cost curve, L; is the wy lower limit, U, is the w;, upper limit, K is the total number of
pieces W, breaks into, % is a general counting index, f{R) is some function of R, R is a constant determined

by aand finally, « is the system's desired critical before-trading reliability.

In the optimization of the above model, wy are the decision variables. wy sum over k to give #;. Note
that, in this study, #; include only the discharge of BOD. The discharges of other pollutants, such as
nitrogen and phosphorus, are assurned regulated by other means and thus, for the Willamette River case,
maintained constant at their original values given in the Tetra Tech QUALZEU model [Tetra Tech, 1995),
and, for the Athabasca River case, not included in the model. Note also that only the controlled sources
(refer to Table 3) are simulated as participating in the TDP program. Therefore, 7 =17 for the Willamette
River case, and [ =5 for the Athabasca River case. The discharge rates for the remaining unconirolled
sources, for both BOD and non-BOD, are kept constant and unchanged during the optimization process.

Equation £0) is the objective function, which is to minimize the cost required to achieve a certain level of
before-trading reliability. Equations {21) to (23) are the mode! constraints. Equation (21) bounds #, to
limits determined by the piecewise linearization of discharger i’s cost curve. Equation (22) ensures the
before-trading water quality is as desired or better. Equation (23) makes certain that #; are equitable to
all stakeholders involved, where equity is defined by the function f{R). Note that for the Willamette River

case,

fR) =W, ~-RW., ... (24)

0 0

where W, is discharger i's BOD discharge rate when there is minimal treatment. #,, is assumed to
correspond to Treatment Option Level 1, as defined by Van Note et al [1975), for the WWTPs, and
Treatment Option Level 0, as defined by E.C. Jordan [1979], for the PPMs. As for the Athabasca River

case,

where F; is discharger i's maximum possible daily production rate, as originally given by Macdonald and
Hamilton [1989] and reproduced in Tables B-18 to B-22 in Appendix B. Note that R, which is a constant,

is not an input variable but is instead, a function of W; and P;.
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4.2.2 TDP Equilibrium Sub-Model

Once the initial permit allocation is determined, the final TDP equilibrium can be found. To find the final
TDP equilibrium, this study assumes ideal market conditions such that all trading will eventually lead to
some least-cost solution i.e. the individual dischargers would trade solely to minimize costs and maximize
profits. Market imperfections, lke the presence of transaction costs, hoarding, or other inhibitions to
trading, are ignored. Possible regulatory uncertainties, personal preferences and such other factors are

also ignored.

Under such assumptions, the final TDP equilibrium can be found by optimizing to

I I K
MIN Cost =Y 4, -2 Y Guwy ooveeeee (20)
=1 =l k=1
Subject to the constraints
L,<w,<U,, alialk ... (21)
NW W, ali ... (26)

where W, is the total amount of permits issued. W, is a constant and an input variable derived from the
initial permit allocation sub-model. As before, wy are the decision variables. Equation (20} is the
objective function. Equations (21) and {26) are the model constraints., Eguation (26) limits the total
discharge so that it does not exceed W, Note that there is no water quality constraint. This is because
the dischargers trade with regards only to their individual economics, and with total disregard to the
environment. Thus, trading may render environmental quality worse or better, depending on the relative

magnitudes of the dischargers’ marginal waste abatement costs and g;; values.

The wy; obtained from the solution to the optimization problem given by the equations above, substituted
into the envircnmental-response model (equation (8)) then give the water quality reliability after trading.
By comparing this reliability with that from the initial permit allocation sub-model, a quantitative measure
of the potential impact that trading might have on the reliability of the water quality meeting environmental
standards can then be made, '
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5.0 RESULTS AND DISCUSSION

The methodology described in Section 4.0 was applied, for both rivers, for a range of before-trading

refliabilities (denoted as « in equation (22)). Refer to Figures 6 to 21, as well as Tables 8 and 9 and
Tables C-1 to C-6 in Appendix C. '

- Figures 16 and 17 give the cost-reliability tradeoff for the Willamette River and the Athabasca River cases
respectively. For each case, the before-trading tradeoff is compared to the after-trading tradecff, and
both are further compared to the least-cost tradeoff, where the least-cost tradeoff is based on the most
economical solution possible to achieve a given level of reliability. The least-cost solution can be found in
the same manner as the TDP solution, but without having to consider fe limit on the total number of
permits issued (equation {26}), and having to include in a check on the water quality reliability (equation
{22)). The least-cost solution, though practically inapplicable due to its inequity, is provided as a
benchmark to evaluate the economic efficiency of the other two solutions.

As expected, the tradeoff curves, whether before-trading, after-trading or least-cost, all show that cost
and reliability are inversely proportional to each other i.e. the higher the desired level of reliability, the
higher the cost of attaining it. Note the arrows in Figures 16 and 17. The arrows are an indication of how
trading might affect the system. For the Willamette River, the arrows are pointing downward and to the
right. For the Athabasca River, the arrows are for the most part pointing downwards and to the left. This
means that, in terms of cost, trading is advantageous for both cases. However, in terms of reliability,
trading is advantageous only for the Willamette River case. For the Athabasca River, trading makes
worse the reliability.

For further details, refer to Tables G1 to C& in Appendix C, which gives the wasteload allocations and
cost figures for the before-trading, after-trading and least-cost scenarios.

Figures B and 20 show more clearly the effect of trading on the reliability. For the Willamette River,
trading seems to have litle effect on the reliability i.e. the reliability remains almost constant with trading.
The effect of trading is more obvious for the Athabasca River. This is possibly due to the Athabasca
River being a larger system but with fewer controlled dischargers that are located relatively farther from
each other, The Willamette River is four times less the length of the portion of the Athabasca River
modeled here, but has three times the number of controlled dischargers that are located relatively closer
to each other. This difference between the Willamette and Athabasca systems is reflected in their ay
distributions. The a; mean, variance and covariances for one discharger are more different from those for
another for the Athabasca River than for the Willamette River. This means that the Athabasca River is

more sensitive to locational effects due to trading than is the Willamette River.
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This observation raises an interesting question of when locational effects are significant and when not.
For a deterministic system, the answer is simple. Locational effects are negligible when the deterministic
a;; for one discharger is close enough b the a; for another. However, for stochastic systems where the
effects of changes in the mean could either be reinforced or diminished by changes in the standard
deviation, the answer is not as straightforward. Section 3.2 attempts to give some insight to this guestion.

However, suggestions given there are by no means final.

Tables 8 and 9 give the F, f;; and f, ratios, as well as others details of system changes due to trading for
the two rivers analyzed. It is interesting to note that for both systems, the mean dominates the standard
deviation. For the Willamette River, the standard deviation is unchanging with frading. For the
Athabasca River, the standard deviation changes with trading but those changes are always smaller than
the corresponding changes in the mean. This is reflected by the Willamette River's f;; ratios that are
always unity and the Athabasca River's f; ratios that are always, though not unity, nearer to unity than
their corresponding f;; ratios. In other words, the reliability tends to follow the mean- that is, where there
is an increase in the mean, there will be an increase in the reliability and vice versa while the standard

deviation is almost a non-issue.

For further illustration, refer to Figures B and 21, which show, for the before-trading reliability of 85%,
how the DO concentration probability distribution function (PDF) and the cumulative PDF change with
trading, for the Willamette and Athabasca Rivers respectively. For the Willamette River, trading shifts the
mean of the PDF to the right while maintaining its spread. For the Athabasca River, trading shifts the

mean to the left while very slightly increasing its spread.

It is uncertain if this observation, of the mean deminating the standard deviation, is typical for most, if not
all, environmental systems. |If it is, the impact of trading on the water gquality reliability can be deduced by
simply looking at the impact of trading on the water quality mean. And thus, the need for complicated
stochastic models is eliminated, and instead simpler deterministic models should suffice. However, if the
mean is not always the dominating factor, is it then heipful to understand the conditions under which the
mean dominates, or otherwise. The answers to these questions raised are not immediately obvious, and

it remains a challenge to find them.

The policy-maker might find the findings so far useful. It is true that, considering the many unresolved
uncertainties involved in modeling a river accurately and predicting how the various TDP participants
might react, it is hard to say if it is any more accurate to design a TDP program based on reliability than to
design it based on some deterministic conservative scenario. Nevertheless, it is believed that this work is

a step forward in giving a more complete picture of the effect trading might have on the environment.
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Like all other studies, this study is not without assumptions. Firstly, there is the assumption of ideal
market conditions with zero transaction costs. In reality, especially when the number of program
participants is limited as it is for the Willamette and Athabasca Rivers, and if there is a lack of an effective
central authority to connect potenfial buyers to potential sellers, ideal market conditions are hard to
achieve. This means that in reality, it is difficult to predict how trading might proceed, and hence difficutt

to predict how trading might affect the environment,

Secondly, the theory and methodology presented in this study are best applicable for cases where there
is a single critical point such that as long as the desired level of reliability at that one point is satisfied, the
reliability of the entire system on the overall will also be satisfied. [t is also suitable to be applied to multi-
critical point systems where the critical points are co-dependent such that the environmental quality at the
different points tend to vary together so that the on the overall, the system reliability equals the reliability
at the constraining point. However, for multi-critical point cases where the critical points are not co-
dependent, the MFOSM method is not the most appropriate as it is then unable to calculate for the overall
system reliability, but only the individual reliability at each critical point. Thus, for such cases, other
methods such as those based on multiple realizations [Morgan et al, 1993; Takyi and Lence, 1999] are

more fitting.

Finally, there is the issue of whether or not reliability by itself is an adequate measure of environmental
quality. Reliability is simply a measure of the probability of the water quality standard being viclated. It
bears no indication of the vulnerability {Hashimoto et al, 1982] of the system, which is a measure of the
severity of the violation. Neither does it account for the resilience [Fiering, 1982; Holling, 1996] of the
system, which is 2 measure of the time required for the system to recover from a violation. A more

comprehensive measure of environmental quality would include these other indices.

Nonetheless, the methods and concepts described in this study are computationally convenient and sasy

to implement, and should suffice for many analyses of reliability as it relates to trading.
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Table 8: System changes due to trading for the Athabasca River for the DO concentration standard of 5 mg/L.

Desired Before-Trade Reliability 099 09 09¢ 08 080 075 070 065 060 055 050 045 040 035 030 020 0.0
First Possible Critical Point at RK 449
Before-trade std deviation (mg/L) 059 060 061 062 062 063 064 064 065 065 066 066 067 067 068 070 073
Before-trade reliability 099 085 000 085 08 075 070 065 060 055 050 045 040 035 030 020 0.10
After-trade reliability 093 093 087 079 077 076 074 064 054 045 042 040 038 031 021 007 001
Second Possible Critical Point at RK 811
Before-trade mean (mg/L) 674 639 621 608 597 58 580 572 565 557 550 542 534 526 517 496 467
Before-trade std deviation (mg/l} 046 053 057 060 062 064 066 067 069 070 072 074 075 077 079 083 089
Before-trade reliability 100 100 098 09 094 092 0892 085 083 079 075 072 068 063 053 048 035
After-trade mean {mg/L} 635 596 576 566 564 560 555 547 639 6532 529 527 525 518 505 474 432
After-trade reliability 099 093 087 083 082 08 078 074 070 066 065 064 063 059 052 039 025
Statistics for Critical of Points RK 449 and RK 811
Before-trade reliability index, B, 233 164 128 104 084 067 052 038 025 013 000 -013 -0.25 -0.39 -052 -084 -1.26
After-trade refiability index, B, ~ 145 145 114 081 073 072 063 036 011 -0.13 -019 -0.24 -030 -0.50 -0.82 -1.51 -2.30
Mean f ratio, f,; 086 091 092 081 089 108 122 096 044 -1.08 - 197 118 131 162 194 212
Standard deviation f ratio, f,; 1.06 103 103 103 102 101 101 102 102 1.03 - 1.02 101 1.01 103 108 1.16
Overall F ratio, F; 062 088 089 078 087 106 121 094 043 -1.05 - 194 118 129 15 179 1.83
Change in reliability -0.06 -0.02 -003 <006 -003 001 004 -001 -006 -0.10 -008 -005 -0.02 -0.04 -0.09 -0.13 -0.09
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Table 9: System changes due to trading for the Willamette River for the DO concentration standard of 5 mg/L.

Destred Before-Trade Reliability 009 095 090 085 080 0Y5 070 065 060 055 050 045 040 035 030 025 020

Critical Point at RK 300

Before-frade mean (mgiL) 634 598 578 564 552 542 533 525 518 508 500 492 483 473 463 452 439
Before-rade std deviation (mgh)  0.58 059 060 0.61 062 063 064 084 065 065 066 067 068 069 070 071 073
Before-irade reliability 099 0595 090 085 08 075 070 065 060 055 050 045 040 035 030 025 020
After-trade mean (mg/L) 637 603 58 571 559 550 541 532 523 514 505 495 48 476 4656 454 439
After-trade std deviation (mg/L) 058 059 061 061 062 063 063 064 065 066 066 067 068 068 070 071 073
After-trade reliability 099 096 092 088 083 079 074 069 064 058 053 047 042 036 031 026 020

Statistics for Critical Point RK 300

Before-trade reliability index, B, 233 164 128 1.04 ¢84 067 052 03% 025 013 000 -0.13 -025 -039 -052 -067 -0.B4
After-trade reliability index, B; geq 237 174 142 116 086 080 065 050 035 021 007 -007 -021 -0.36 -049 -065 -0.84

Mean f ratio, f,; 1.02 106 111 112 114 119 124 129 138 166 - 057 083 092 094 097 099
Standard deviation f ratio, {,; 1.0 100 100 100 100 100 100 100 1.00 1.00 - 100 100 100 100 1.00 1.00
Overall F ratio, F; 1.02 106 111 112 114 119 125 130 139 166 - 057 0483 092 094 0857 099
Change in reliabiity 000 001 002 003 003 004 004 004 004 003 003 002 002 001 001 001 000
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tradeoff for the Athabasca River.
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Figure 18: The effect of trading on the DO concentration
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Figure 19: The effect of trading on the DO concentration
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Figure 20: The effect of trading on the DO concentration
reliability for the Athabasca River.
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6.0 SUMMARY AND CONCLUSIONS

A review of some of the uncertainties facing the successful implementation of a tradable discharge permit
program is made. Uncertainties due to market unpredictability, together with modeling difficulties, make it
a challenge to be able to predict accurately a priori how a trading program might proceed. This study
focuses on the modeling uncertainties associated with environmental variables, such as stream flow and
temperature, that are, due to their randomness, mere difficult to characterize than their deterministic
counterparts usually present in closed controlled systems. To estimate the effects of trading on the
stochastic environment, the MFOSM method is applied to two riverine case studies i.e. the Willamette and
the Athabasca Rivers. The before- and after-trading reliabilities of each river's DO concentration meeting

the pre-set standard of 5 mg/L are calculated and compared.

It is confirmed that trading does indeed affect the reliability of a system, albeit only slightly in the
examples presented here for any reasonable target reliability to be achieved. This is primarily due to the
inherent characteristic of trading programs that redistributes the system’s discharge locations. Whether
the effect of trading is negative or positive depends on the system’s individual characteristics. For the
Willamette River, trading improves the reliability, but for the Athabasca River, trading degrades the
reliability.

It is also found that trading affects a system’s mean more than its standard deviation, at least for the
Willamette and Athabasca Rivers. This means that the reliability, which is a function of the mean and
standard deviation, tends to change with the mean as whatever corresponding changes in the standard
deviation are relatively insignificant. However, no conclusion can be made of whether or not this
observation is true for all environmental systems. If it is true that the mean dominates the standard
deviation always, then the need for complex stochastic models is reduced as simpler deterministic models
become sufficient. And if the opposite applies, then it is useful to understand the circumstances under
which the mean and the standard deviation are equally dominant, or under which the standard deviation

dominates.

There remains much work to be undertaken before the many uncertainties facing a trading program can
be fully quantified, assuming that they are quantifiable. Permit trading bears much potential as a cost-
effective pollution control tool. Nonetheless, its full potential can only be realized if its uncertainties are
well understood.

51



REFERENCES

Ang AH-S and Tang WH [1984]. Probability concepts in engineering planning and design, Vol |I: Decision,
risk and reliability. Wiley, New York.

Baumol WJ and Oates WE [1988]. The theory of environmental policy, 2 edition. Cambridge University

Press, New York.

Beck MB {1987]. Water guality modeling: A review of the analysis of uncertainty. Water Resources
Research 23(8): 1393-1442.

Brill ED, Eheart JW, Kshirsagar SR and Lence BJ [1984]. Water quality impacts of biochemical oxygen
demand under transferable discharge permit programs. Water Resources Research 20(4): 445-455.

Burges 3J and Lettenmaier DP [1975]. Probabilistic metheds in stream quality management. Water
Resources Bulletin 11(1): 115-130.

Chapra SC [1997]. Surface water-quality modeling. McGraw-Hill, USA.

Coggins JS and Swinton JR [1996]. The price of pollution: A dual approach to valuing SO2 aflowances.

Journal of Environmenta! Economics and Management 30: 58-72.

Crocker TD [1966]. The structuring of atmospheric pollution control systems. In: The economics of air
pollution, H. Wolozin (editor). W. W. Norton & Co., New York, 61-68.

Dales JH [1968]. Land, Water and Ownership. Canadian Journal of Economics 1: 791-804.

David M, Eheart JW, Joeres EF and David E [1980]. Marketable permits for the control of phosphorus
effluent into lake Michigan, Water Resources Research 16(2); 263-270.

E.C. Jordan [1979]. Preliminary Data Base for Review of BATAE Effluent Limitations Guidelines, NSPS, &
Pretreatment Standards for the Pulp, Paper, & Paperboard Point Source Category. US Environmental

Protection Agency (USEPA). Note: Not an Official USEPA Publication. Portland, Maine.

Eheart JW [1980]. Cost dficiency of transferable discharge permits for the control of BOD discharges.
Water Resources Research 16: 980-889.

52



Eheart JW and Brill ED [1983]. Transferable discharge permits for control of BOD: An overview. In:

Buying a better environment, Joeres EF and David MH (editor). The University of Wisconsin Press,
Wisconsin, 163-195,

Eheart JW, Brill Jr ED, Lence’ BJ, Kilgore JD and Uber JD [1987]. Cost efficiency of time-varying
discharge permit programs for water quality management, Water Resources Research 23(2): 245-251.

Eheart JW, Joeres EF and David MH [1980]. Distribution methods for transferable discharge permits.
Water Resources Research 16(5); 833-843.

Fiering MB [1982]. Alternative indices of resilience. Water Resources Research, 18{1), 33-39.

Gangadharan L [2000]. Transaction costs in pollution markets: An empirical study. Land Economics
76(4). 601-614,

Hahn RW and Hester GL [1989]. Marketable permits: Lessons for theory and practice. Ecology Law
Quarterly 16: 361-406.

Hashimoto T, Stedinger JR and Loucks DP [1982]. Reliability, resilience, and vulnerability criteria for

water resource system performance evaluation. Water Resources Research, 18(1), 14-20.

Holling CS [1996]. Engineering resilience versus ecological resilience. In: Engineering within ecological
constraints, Schuize PC (editor). Nat. Acad. Press, Washington DC, 31-43.

Jarvie M and Solomon B [1998]. Point-nonpoint effluent trading in watersheds: A review and critique.

Environmental Impact Assessment Review 18: 135-157,

Kataoka S [1963]. A Stochastic Programming Model. Econometrica 31: 181-1986.

Lyon RM [1982]. Auctions and alternative procedures for allocating pollution rights. Land Economics 38:
16-32.

Macdonald G and Hamilton HR [1989]. Model calibration and receiving water evaluation for pulp mill
developments on the Athabasca River: |. Dissolved Oxygen. Report for Standards and Approvals

Division, Aiberta Environment, Edmonton. HydroQual Consultants Inc., Calgary, Alberta, Canada.

Madsen HO, Krenk S and Lind NC [1986]. Methods of structural safety. Prentice-Hall, New Jersey.

53



Maier HR, Lence BJ, Tolson BA and Foschi RO [2001]. Achieving water quality system reliability using
genetic algorithms. Journal of Environmental Engineering 126(10): 954-962.

Melching CS and Anmangandla S [1992]. Improved first-order uncertainty methods water-quality
modeling. Journal of Environmental Engineering 118(5): 791-805.

Meiching CS and Bauwens W [2001]. Uncertainty in coupled nonpoeint source and stream water-quality

models. Journal of Water Resources Planning and Management 127{6). 403-413.

Melching CS and Flores HE [1999]. Reaeration equations derived from U.S. Geological Survey
database.” Journal of Environmental Engineering, 125(5), 407-413.

Melching CS and Yoon CG [1996]. Key sources of uncertainty in QUALZE model of Passaic River.
Journal of Water Resources Planning and Management 122(2); 105-113.

Meyer P, Valocchi AJ and Eheart JW [1994]. Monitoring network design to provide initial detection of

groundwater contamination. Water Resources Research 30(9): 2647-2659.

Montero JP [1997]. Marketable pollution permits with uncertainty and transaction costs. Resource and

Energy Economics 20: 27-50.

Montgomery WD [1972]. Markets in licenses and efficient pollution control programs. Journal of
Economic Theory 5(3): 395-418.

Morgan DR, Eheart JW and Valocchi AJ [1993]. Aquifer remediation design under uncertainty using a
new chance constrained programming technique. Water Resources Research 29(3): §51-561.

Morgan MG and Henrion M [1990]. Uncertainty: A guide to dealing with uncertainty in quantitative risk

and policy analysis. Cambridge University Press, Cambridge.
O’Neil WB [1983]. Transferable discharge permit trading under varying stream conditions: A simulation of
multiperiod permit market performance on the Fox River, Wisconsin. Water Resources Research 19(3):

608-612.

O'Connor DJ and Dobbins WE [1958]. Mechanisms of reaeration in natural streams. Transactions of the

American Society of Civil Engineers, 123, 641-684.

54



Ritzel BJ, Eheart JW and Ranjithan S [1994]. Using genetic algorithms to solve a multf objective

groundwater pollution containment problem. Water Resources Research 30(5). 1589-1603.

Schmalensee R, Joskow PL, Ellerman DA, Montere JP and Bailey EM [1998]. An interim evaluation of

sulfur dioxide emissions frading. Journal of Economic Perspectives 12{3): 53-68.

Schwarz R and Zapfel P [2000]. Sulfur allowance trading and the regional clean air incentives market: A
comparative design analysis of two major cap-and-frade permit programs? Environmental and Resource
Economics 17: 279-298.

Solomon BD [1999]. New directions in emissions trading: The polential contribution of new institutional

economics. Ecological Economics 30: 371-387.

South Coast Air Quality Management District (SCAQMD) [1996]. First annual RECLAIM Program audit
report. SCAQMD, Los Angeles, California.

South Coast Air Quality Management District (SCAQMD) [1998]. RECLAIM Program three-year audit and
progress report. SCAQMD, Diamond Bar, California.

Stavins RN f1895]. Transaction Costs and Tradeable Permits. Journal of Environmental Economics and
Management 29: 133-148,.

Stavins RN [1988]. What can we leamn from the grand policy experiment? Positive and normative lessons

from SO, allowance trading. Journal of Economic Perspectives 12(3): 69-88.

Storck P, Eheart JW and Valocchi AJ [1997]. A method for the optimal location of monitoring wells for
detection of groundwater contamination in three-dimensional heterogenecus aquifers. Water Resources
Research 33{9): 2081-2088.

Streeter HW and Phelps EB [1925]. A Study of the Pollution and Natural Purification of the Ohio River, Il1.
Factors Concerning the Phenomena of Oxidation and Reaeration. The U.S. Public Health Service, Pub.

Health Bulletin No. 148.

Takyi AK and lence BJ [1999]. Surface water quality management using a multiple-realization chance
constraint method. Water Resource Research 35(5): 1657-1670.

55



Tetra Tech. [1993]. Willamette River basin water quality study, phase I, Willamette River dissolved
oxygen modeling component. Prepared for the Oregon Department of Environmental Quality. Tetra Tech,

Inc., Redmond, Washington.,

Tetra Tech [1995]. Willamette River basin water quality study, phase 11, steady-state model refinement
component: QUALZE-UNCAS dissolved oxygen model calibration and verification. Prepared for the
Oregon Department of Environmental Quality. Tetra Tech, Inc., Redmond, Washington.

Tolson BA [2000]. Genetic Algorithms for multi-objective optimization in water quality management under
uncertainty. M.A.Sc. Thesis, Dept of Civil Engineering, University of British Columbia, Vancouver,

Canada.

Tung Y-K [1990]. Evaluating the probability of viclating dissolved oxygen standard. Ecological Modelling
51: 193-204.

United States Environmental Protection Agency {(US EPA) [1996]. Draft framework for watershed trading.
US EPA Office of Water, Washingion D.C.

Van Note RH, Hebert RM, Patel RM, Chupek C and Feldman L [1975]. A Guide to the Selection of Cost-
Effective Wastewater Treatment Systems, EPA-430/9-75-002. Office of Water Programs Operations, US

Environmental Protection Agency, Washington DC.

Woodward RT, Kaiser RA and Wicks AMB [2002]. The structure and practice of water quality trading

markets. Journal of the American Water Resources Association 38(4): 967-979.
Yen BC, Cheng ST and Melching CS [1986]. First-order reliability analysis. In: Stochastic and risk
analysis in hydraulic engineering, Yen BC (editor). Water Resources Publications, Littleton, Colorado, 1

36.

Zerauth A and Schubert U [1999]. Air quality management systems in urban regions: An analysis of
RECLAIM in Los Angeles and its transferability to Vienna. Cities 16(4): 269-283.

Zorpelte G [1994]. A slow start for emissions trading. IEEE Spectrum. July 49-52,

56



Table A-1; Input random variable distributions for the Willamette River stochastic environmental response model.

Randem Variable Parameter 1 Parameter 2 Parameter 3 Lower Bound Distribution Type
Flaw - Willamette River at RK 0 (m™s) mean = 62.3 std dev =13.7 - 2.8 Lagnormal
Flow - McKenzie River {m’/s) mean = 68.3 std dev=12.5 - 2.8 Lognormal
Flow - Santiam River (m/s) location = 0 shape = 6.1 scale = 41.8 28 Weibull
Fiow - Clackamas River (m®/s} mean = 26.2 stddev=4.8 - 2.8 Lognormai
Temperature - Salem (°C) mean = 21.2 stddev=1.2 - 1.7 Lognormal
SOD - RK 0 to RK 42 {g/m’-d) mean = 2,12 std dev = 0.6 - 0.0 Nermal
;SOD - RK 42 RK 81 (g/m’-d) mean = 1.98 sid dev = 0.52 - 0.0 Normal
Reaeration Coefficient (K, ) Error Term (-) mean =-0.111 std dev = 0.155 - -4.0 Normal
Notes:

1. The K, error term is defined as error = logyo{K, by the O'Connor & Dobbins Eqn) - log;, (real X, ). K, is in units of 1/d.

2. Table from Tolsaon [2000].
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Table A-2: Correlation coeffcient matrix for the Willamette River stochastic environmental response model.

Variable No. 1 2 3 4 5 6 7 8
1 1.0 0.0 0.0 0.0 .0 a.0 0.0 0.0
2 0.0 1.0 0.0 Q.0 a.0 0.0 00 0.0
3 0.0 0.0 1.0 0.7 -0.8 0.0 0.0 .0
4 0.0 0.0 0.7 1.0 -0.7 0.0 0.0 0.0
5 0.0 0.0 -0.8 -0.7 1.0 0.0 0.0 0.0
g 8.0 0.0 0.0 0.0 0.0 1.0 0.0 0.0
7 0.0 0.0 0.0 0.0 0.0 0.0 1.0 0.0
8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.0

Notation

Variable 1 = Flow - Willamette River at RK 0 (m%s) Variable 5 = Temperature - Salem ("C)

Variable 2 = Flow - McKenzie River (m/s) Variable 6 = SOD - RK 0 to RK 42 (g/m®-d)

Variable 3 = Fiow - Santiam River (mals) Variable 7 = SOD - RK 42 RK 81 (g!mz-d)

Variable 4 = Flow - Clackamas River (msls) Variable 8 = Reaeration Coefficient (X, )} Error Term (-)

Notes:

1. Table from Telson [2000].



Table A-3: Historical low-flow data for the Athabasca River.

Minimum Daily Flow, m*/s

Year
at Hinton at Whitecourt at Athabasca at McMurray

1962 11.0 32.8 62.6 118.0
1963 10.8 29.7 81.0 183.0
1964 15.0 234 64.6 117.0
1965 15.7 303 98.8 164.0
1966 17.2 38.5 77.9 179.0
1967 244 28.2 59.5 118.0
1968 275 56.1 61.0 108.0
1969 3141 43.9 55.2 108.0
1970 19.8 425 62.3 104.0
1971 215 38.8 69.4 138.0
1972 27.8 442 86.1 147.0
1973 29.7 55.8 110.0 1598.0
1974 26.9 42.5 92.6 173.0
1975 28.3 396 96.0 187.0
1976 21.0 422 87.8 130.0
1977 19.3 45.3 85.0 144.0
1978 258 43.0 94.0 182.0
1979 17.5 434 81.0 147.0
1980 18.6 38.0 85.1 152.0
1981 17.0 48.6 55.6 g2.0
1982 22.5 36.0 58.0 95.0
1983 250 38.9 84.0 146.0
1984 20.0 42.0 70.7 167.0
1985 18.2 40.7 90.0 164.0
1986 17.1 477 100.0 188.0
1987 25.0 52.0 59.5 104.0
1988 232 47.2 55.0 88.6
1989 19.4 31.3 54.8 128.0
1990 250 50.1 81.8 155.0
1991 245 40.0 81.7 136.0

Notes:

1. Table compiled by Eheart [Personal communication, 2002].
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Table A-4: 30 realizations of a; and B, for the Athabasca River's Reach 27 at RK 449,

Year

a; {mg/L per ton BODs/d}

Background DQ, B,

for Welwood, i=1  for ANC,i=2  for Millar, =3 for AEC,i=4 for Al-Pac, i=5 (mg/L)
1962 -0.6200 -0.1153 -0.5518 0.0000 0.0000 8.4159
1963 -0.5483 -0.1029 -0.4972 0.0000 0.0000 7.6741
1964 0.7477 -0.1134 -0.5889 0.0000 0.0000 7.6688
1965 -0.5266 -0.0935 -0.4444 0.0000 0.0000 7.3399
1966 -0.5738 -0.1043 -0.4766 0.0000 0.0000 8.3151
1967 -0.8184 -0.1182 -0.5882 0.0000 0.0000 8.2531
1968 -0.5847 -0.1001 -0.4660 0.0000 0.0000 9.6938
1969 -0.7175 -0.1180 -0.5306 0.0000 0.0000 9.3878
1970 -0.6357 -0.1133 -0.5113 0.0000 0.0000 9.0193
1971 -0.6384 -0.1095 -0.5019 0.0000 0.0000 8.5921
1972 -0.5597 -0.0989 -0.4377 0.0000 0.0000 8.4290
1973 -0.4437 -0.0864 -0.3648 0.0000 0.0000 8.4167
1974 -0.5427 -0.0960 -0.4270 0.0000 0.0000 8.1867
1075 -0.5509 -0.0948 -0.4267 0.0000 0.0000 7.9654
1976 -0,5368 -0.0084 -0.4391 0.0000 0.0000 8.2680
1977 -0.5215 -0.0892 -0.4373 0.0000 0.0000 8.4880
1978 -0.5314 -0.0953 -0.4226 0.0000 0.0000 8.1771
1079 -0.5350 -0.1017 -0.4527 0.0000 0.0000 8.4928
1980 -0.5568 -0.1003 -0.4581 0.0000 0.0000 8.1044
1981 -0.6038 -0.1158 -0.5098 0.0000 0.0000 9.5471
1982 -0.7334 -0.1183 -0.5557 0.0000 0.0000 8.8209
1983 -0.5887 -0.1008 -0.4583 0.0000 0.0000 8.1992
1984 -0.6007 -0.1079 -0.4862 0.0000 0.0000 8.7206
1985 -0.5216 -0.0075 -0.437¢ 0.0000 0.0000 8.1319
1986 -0.4536 -0.0919 -0.3989 0.0000 0.0000 B.2491
1987 -0.6079 04117 -0.4844 0.0000 0.0000 6.5747
1988 -0.8581 -0.1168 -0.5173 0.0000 0.0000 g 5250
1989 -0.7824 -0.1220 -0.5941 0.0000 0.0000 8.6312
1990 -0.5331 -0.0897 -0.4317 0.0000 0.0000 8.8076
1991 -0.5893 -0.1019 -0.4612 0.0000 0.0000 8.3165

Notes:

1. Table from Eheart [Personal communication, 2002].
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Table A-5: 30 realizations of &; and By for the Athabasca River's Reach 37 at RK 811,

Year

a; (mg/L per ton BODg/d)

Background DO, B,

for Welwood, i=1  for ANC, =2 forMillar, i=3  for AEC,i=4 for Al-Pac, i=5 (mg/L)
1962 -0.3053 -0.0564 -0.2424 -0.1094 -0.2845 8.6278
1963 -0.1994 -0.0374 -0.1626 -0.0915 -0.1909 8.7025
1964 -0.3305 -0.0470 -0.2270 -0.1291 -0,2853 8.6569
1965 -0.2374 -0.0424 -0.1786 -0.1075 -0.2037 8.7582
1966 -0.2378 -0.0438 -0.1753 -0.0838 -0.1954 8.6969
1967 -0.3806 0.0515 -0.2348 -0.1134 0.2863 8.6466
1968 -0.4260 -0.0839 -0.2995 -0.0519 -0.3069 8.6386
1969 04417 -0.0724 -0.2826 -0.0696 -0.3109 8.6243
1970 -0.4055 -0.0732 -0.2866 -0.0063 -0.3155 8.6337
1971 -0.3194 -0.0547 -0.2200 -0,0950 -0.2466 86711
1972 -0.3087 -0.0562 -0.2127 -0.1005 -0.2273 8.7349
1973 -0.2797 -0.0503 -0.2063 -0.0989 -0.2052 8.8048
1974 -0.2639 -0.0480 -0.1835 -0.0928 -0.1968 8.7489
1975 -0.2476 -0.0434 -0.1690 -0.0901 -0.1836 8.7587
1976 -0.3201 -0.0606 0.2323 -0.1153 -0.2501 8.7353
1977 -0.2913 -0.0579 0.2178 -0.1001 02316 87185
1978 -0.2501 -0.0462 0.1762 -0.0892 -0.1883 8.7501
1979 0.2817 -0.0555 -0.2126 -0.0968 -0.2293 8.7028
1980 -0.2744 -0.0503 -0.2002 0.1031 -0.2216 8.7195
1981 -0.4431 -0.0882 -0.3315 -0.0657 -0.3539 8.5869
1982 -0.4535 -0.0713 -0.2978 -0.1122 -0.3420 8.6247
1983 -0.3044 -0.0526 -0.2081 -0.1051 -0.2294 8.7260
1984 -0.2665 -0.0486 -0.1904 -0.0773 -0.2095 8.6762
1985 -0.2541 -0.0491 -0.1903 -0.0972 -0.2065 8.7315
1986 -0.2441 -0.0529 -0.1939 -0.0962 -0.2013 8.7571
1987 -0.4327 -0.0828 -0.3034 -0.0600 -0.3176 8.6265
1988 -0.4920 -0.0894 -0.3396 0.0703 0.2653 8.5992
1989 .0.3419 -0.0508 -0.2247 -0.0911 -0.2699 86165
1990 0.2027 -0.0575 -0.2103 -0.0847 -0.2192 8.7147
1991 0.3234 -0.0567 -0.2224 -0.1085 -0.2440 8.7189

Notes:

1. Table from Eheart [Personal communication, 2002).
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Tables B-1 to B-11; Willametite River WWTP Cost Data

Cost figures are in 1999 values and taken from Van Note et al {1975] and Tolson [2000].

Cost figures for the 100% removal treatment option (ali} are extrapolated from the cost figures for the other treatment options.

The BODy to BOD,, conversion factor is 2.5 for all the WWTPs [Tolson, 2000; Tefra Tech, 1993].

Note 1:
Note 2:  Effluent flowrates, and data for the raw wasteloads, are taken from Telsen [2000].
Note 3:
Note 4:
i = Metropolitan WW Management Commission
Trt V Flow % Remv BODu Conc (?ost
Opt {ft3/s) {mg/L) (mil$/yr)
Raw 39.61 0.0 307.50 0
1 39.61 80.6 59.66 3612
2 39.61 90.6 28.91 3.912
3 39.61 942 17.84 4.842
4 39.61 97.1 8.92 5.812
5 39.61 97.7 7.07 7.056
6 39.61 99.1 277 9405
All 39.61 100.0 0.00 11.022
| = City of Albany
Trt V Flow % Remv BODu Caonc (?ost
Opt (fE3/s} {mg/L) (mil$/yr)
Raw 7.89 0.0 565.00 o
1 7.89 806 109.61 1.273
2 7.89 90.6 53.11 1.342
3 7.89 942 32.77 1.610
4 7.89 854 25.99 1.819
5 7.89 G67.1 16.39 2.020
6 7.89 98.1 10.74 2638
7 7.89 99.1 5.09 2.865
All 7.8% 100.0 0.00 3.245

i = City of Salem
Trt V Flow 9% Remv BODu Conc (?ost
Opt (ft3/s) (mg/L) {mil$/yr)
Raw 47.85 0.0 740.00 0
1 47.65 80.6 143.56 4171
2 47.85 90.6 69.56 4.531
3 47.65 94.2 42.92 5.374
4 47.65 97.1 21.48 5.689
5 47.65 Q7.7 17.02 B8.162
6 47.65 99.1 6.66 10.938
All 47.65 100.0 0.00 12.850
i = City of Corvalis
Trt V Flow 5% Remy BODu Conc Cpst
Opt {ft3/s) (mg/L) (milSiyr)
Raw 9.59 0.0 527.50 0
1 9.59 806 102.34 1.421
2 9.59 90.6 49.58 1.505
3 9.59 94.2 30.60 1.803
4 9.59 95.4 24 27 2.046
5 9.59 97.1 15.30 2270
8 9.59 98.1 10.02 2.995
7 9.59 99.1 4.75 3.244
All 2.59 100.0 0.00 3.682
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i = City of Newberg

i = City of Wilsonville

Trt V Flow o Remv BODu Conc (?ost
Opt (ft3/s) {mg/L) {mil$tyr)
Raw 2.48 0.0 522.50 0
1 248 80.6 101.37 0.701
2 248 90.6 49.12 0.728
3 2.48 928 37.62 0.896
4 248 942 30.31 0.904
5 2.48 954 24.04 1.015
6 248 86.4 18.81 1.093
7 248 97.1 15.15 1.100
8 248 98.1 9.93 1.421
9 2.48 991 4.70 1.556
All 248 100.0 0.00 1.781
i= City of Portland
Trt V Flow 9 Remv BODu Conc Cl:ost
Opt (ft3/s) {rmg/L) {mil$/yr)
Raw 97.47 0.0 750.00 0
1 97.47 80.6 14550 7.266
2 97.47 90.6 70.50 7.956
3 97.47 94.2 43.50 9.474
4 97.47 97.1 21.75 11.589
5 97.47 a7.7 17.25 13.820
8 97.47 99.1 6.75 19.201
All 97.47 100.0 0.00 22.660

Trt V Flow % Rermv BODu Conc (?ost
Opt (ft3/s) (mg/L) (mil$iyr)
Raw 2.63 0.0 700.00 0
1 263 80.6 135.80 0.575
2 2.63 90.6 65.80 0.593
3 2.63 92.8 50.40 0.731
4 2.63 94.2 40.80 0.751
5 263 954 3220 0.787
6 263 96.4 25.20 0.875
7 2.63 a7.1 20.30 0.894
8 2.63 98.1 13.30 1.150
9 2.63 981 6.30 1.223
All 263 100.0 0.00 1.371
i = Tri-City Service District
Trt V Flow 9% Remy BGODu Conc (?ost
Opt {ft3/s) {mg/L) {mnil$/yr)
Raw 9.28 0.0 687.50 0
1 9.28 80.6 133.38 1.395
2 9.28 90.6 64.63 1.476
3 9.28 94.2 39.88 1.767
4 9.28 954 31.63 2.006
5 9.28 97.1 19.94 2.223
6 9.28 98.1 13.06 2.924
7 9.28 99.1 6.19 3.173
All 9.28 100.0 0.00 3.601
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i = Clackamas Co. Servicé District #1

i = Oak Lodge Sanitary District

Trt V Flow % Remy BCDu Conc Qosl

Opt {ft3/s) {mg/.) {mil$/yr}

Raw 4,02 0.0 550.00 1]
1 4.02 80.6 106.70 0.883
2 4.02 20.6 51.70 0.921
3 402 942 31.90 1.125
4 4.02 954 25.30 1.235
5 4.02 97.1 15.95 1.390
6 4,02 98.1 10.45 1.803
7 4.02 9g9.1 4.95 1.927
All 402 100.0 0.00 2,169

Trt V Flow % Remv BODu Conc C?ost
Opt (ft3/s) {mg/L) (mil$ryr)
Raw 11.14 0.0 825.00 0
1 11.14 80.6 160.05 1.548
2 11.14 90.6 77.55 1.643
3 11.14 94.2 47.85 1.963
4 11.14 95.4 37.95 2234
8 11.14 97.1 23.93 2476
6 11.14 97.7 18.98 2.7486
7 11.14 99,1 7.43 3.558
All 11.14 100.0 0.00 4.080
i = City of Canby
Trt V Flow % Remv BODu Conc Qost
Opt (ft3/s) {mg/L) (mil$iyr)
Raw 1.65 0.0 475.00 0
1 1.55 80.6 92.15 0.575
2 1.55 0.6 44.65 0.593
3 1.55 92.8 34.20 0.731
4 1.55 842 27.55 0.751
5 1.55 954 21.85 0.787
8 1.55 96.4 17.10 0.875
7 1.55 97.1 13.78 0.894
8 1.55 98.1 9.03 1.150
9 1.55 99.1 4.28 1.223
All 1.65 100.0 0.00 1.371
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Tables B-12 to B-17: Willamette River PPM Cost Data

Note t:  Cost figures are in 1998 values and taken from E.C. Jordan [1979] and Tolson [2000].

Note 2:  The PPM production rates are taken from Tolson [2000].

Note 3: Cost figures for the 100% removal treatment option {all) are extrapolated from the cost figures for the other treatment options.

Note 4:  The BODs to BOD,, conversion factor is 4.1 for all the PPMs, except for Pope and Talbet (conversion factor = 5.5) and James
River (conversion factor = 2.7) [Tolson, 2000; Tetra Tech, 1993].

i = Pope and Talbot Inc. i = James River Paper Co. Inc.
Trt V Flow VFlow  BODu Conc Cost T V Flow VFlow  BODu Conc Cost
Opt  (m¥%ADTY  (ft¥/s) (mgiL} {mil§/yr} Opt  (m¥ADTY  (ff¥fs) {(mg/L) {mil$/yr)
0 164.70 4510 165.0 0.000 0 107.20 13.15 81.0 0.000
1 137.60 37.68 165.0 1.458 1 77.20 9.47 81.0 0.335
2 123.00 33.68 165.0 1.921 2 73.40 9.00 81.0 0.374
3 123.00 33.68 82.5 8.589 3 7340 9.00 40.5 2.540
4 123.00 3368 27.5 20.539 4 7340 9.00 13.5 5.601
All 123.00 33.68 0.0 26.514 All 73.40 9.00 0.0 7.132
* Production Rate = 670 ADT/d * Praduction Rate = 300 ADT/
i = Willamette Industries Inc. i = Smufit Newsprint Corp. (Newberg)
Trt V Flow VFlow  BODu Conc Cost Trt V Flow V Flow  BODu Conc Cost
Opt  (m%ADT)y  (it¥s) (mgiL} (mil§/yr) Opt (mYADTY  (fts) (mgiL) (mil$iyr)
0 58.60 26.35 123.0 £.000 0 110.90 40.80 123.0 0.0c00
1 4545 2043 123.0 1.340 1 88.00 32.37 123.0 1.134
2 4445 19.99 123.0 1.911 2 71.90 26.45 123.0 1.284
3 4445 19.99 61.5 5.082 3 71.90 26.45 81.5 4.376
4 4445 19.99 20.5 10.915 4 71.90 26.45 20.5 8.562
All 44.45 19.99 0.0 13.832 All 71.90 26.45 0.0 12.155
* Production Rate = 1100 ADT/ * Production Rate = 900 ADT/d
i = Smufit Newsprint Corp. {Oregon} i = Simpson Paper Co.
Trt V Flow VFlow  BODu Conc Cost Trt V Flow VFlow  BODu Conc Cost
Opt  (m%ADT)*  (ft's) {mg/L) (mii$iyr) Opt  (mYADTY  (it¥s) (mgiL) (mil$/yr)
0 67.60 19.34 951.2 0.000 0 107.20 26.29 123.0 3.000
1 57.50 16.45 951.2 0.439 ] 77.20 18.93 123.0 0.507
2 55.50 15.88 492.0 1.894 2 73.40 18.0C 123.0 0.565
3 55.50 15.88 123.0 3.757 3 73.40 18.00 61.5 3.770
All 55.50 15.88 0.0 4.230 4 73.40 18.00 20.5 8.675
All 73.40 18.00 0.0 11.128
* Production Rate = 700 ADT/d * Production Rate =600 ADT/d
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Tables B-18 to B-22:; Athabasca River PPM Cost Data

Note 1: Cost figures are in 1979 values and taken from E.C. Jordan [1979] and Eheart [Personal communication, 2002].

Note 2:  The PPM production rates are taken from Macdonald and Hamilten [1988].

Note 3: Caost figures for the 100% removal {reatment option (all) are extrapolated from the cost figures for the other
treatment options.

| = Welwood of Canada Ltd. i = Alberta Newsprint Company
BODS BODS BODS BODS
(;rtt Discharge Discharge (nilgjtr) (;I)'rtt Discharge Discharge (rrfi;lgjt )
PY (kg/ADTY  (kg/day) Y P kg/ADTY  (kgiday) 4
0 0.88 10868 0.000 v} 4.20 2040 0.000
1 8.28 9086 0.707 1 3.30 2310 0.319
2 7.38 8118 0.924 2 3.20 2240 0.444
3 3.69 4089 4,300 3 1.60 1120 1.345
4 1.23 1353 10.252 4 0.50 350 2779
All 0.00 0 13.228 All 0.00 0 3.430
* Production Rate = 1100 ADT/d * Production Rate = 700 ADT/d
i = Millar Western Pulp Lid. i = Alberta Energy Company (AEC)
BODS BOD3S BODS BODS
C'I)'rtt Discharge Discharge (m?l%?t " grtt Discharge Discharge (m?l%?tr)
b kg/ADTY  (kgiday) y PY (katADTY  (kg/day) y
u; 4.20 2856 0.000 0 4.20 1470 - 0.000
1 3.30 2244 0.311 1 3.30 1155 0.189
2 3.20 2176 0.433 2 3.20 1120 0.261
3 1.860 1088 1.317 3 1.60 560 0.860
4 0.50 340 2.720 4 0.50 175 1.745
All 0.00 0 3.357 All .00 0 2147
* Production Rate = 680 ADT/d * Preduction Rate = 350 ADT/d
i = Alberta Pacific Forest Industries Inc.
BOD5 BODS
(')I'rtt Discharge Discharge (ngi;lgjtr)
P (kg/ADT)* (kg/day) Y
0 988 14820 0.000
1 8.26 12390 0.926
2 7.38 11070 1.218
3 3.69 5535 5.553
4 1.23 1845 13.575
All .00 4] 17.586

* Production Rate = 1500 ADT/
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Tables B-23 to B-33: Piecewise Linearization of the Willamette River WWTP Cost Data

i = Metropolitan W/W Management Commission

i = City of Salem
Piece Gadient, Gik UpBound, Low Bound,
No., {mil$fyr per Uik Lik
k gBODu/s) (@BODu/s)  (gBODu/s)
1 -0.01 99.87 0.00
2 -0.02 35.95 0.00
3 -0.05 28.95 0.00
4 -0.21 28.96 8.99
i = City of Newberg

Piece Gadient, Gk UpBound, Low Bound,
No., (mit$/yr per Uik Lik
k gBODu/s) (oBODu/s)  {gBODu/s)
1 -0.01 34.49 0.00
2 -0.06 12.42 0.00
3 -0.12 10.00 0.00
4 -0.52 10.00 3.10
i = City of Corvalis
Piece Gadient, Gik Up Bound, Low Bound,
No., {mil$/yr per Uik Lik
k gBODu/s) (gBODu/s)  (gBODu/s)
1 -0.01 14.33 0.00
2 -0.06 5.16 0.00
3 -0.11 4.16 0.00
4 -0.34 4.16 1.28

Piece Gadient, Gik Up Bound, Low Bound,

Na., {mil$/yr per Uik Lik
k gBODu/s)  {(gBODu/s}  (gBODu/s)
1 -0.02 3.66 0.00
2 -0.13 1.32 0.00
3 -0.18 1.06 0.00
4 -0.62 1.06 0.33

i = City of Albany
Piece Gadient, Gik Up Bound, Low Bound,
No., (mil$/yr per Uik Lik
k aBODu/s) (gBODu/sy  {(gBODu/s)
1 -0.01 12.63 0.00
2 -0.06 455 0.00
3 -0.11 3.66 0.00
4 -0.33 3.66 1.14
i = City of Wilsonville
Piece Gadient, Gik UpBound, Low Bound,
No., {mil$/yr per Uik Lik
K gBODu/s) {gBODu/s)  (gBODu/s)
1 -0.01 5.21 0.00
2 -0.08 2.50 0.00
3 -0.12 0.89 0.00
4 -0.32 1.51 0.47
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i = City of Portland i = Tri-City Service District i = Clackamas Co. Service District #1

Piece Gadient, Gk UpBound, Low Bound, Piece Gadient, Gik Up Bound, Low Bound, Piece Gadient, Gik UpBound, Low Bound,
No., {mil$/yr per Uik Lik No., (mil$syr per Uik Lik No., (mil$/yr per Uik Lik
k gBODu/s) {(gBODu/s)  {gBODw/s) k gBODu/s) {gBCDu/s) (gBODu/s) k gBODu/fs) {gBODu/s)  (gBCDu/s)
1 0.00 207.04 0.00 1 -0.01 18.07 0.00 1 -0.01 26.03 0.00
2 -0.02 74.53 0.00 2 -0.04 6.51 0.00 2 -0.03 9.37 0.00
3 -0.04 60.04 0.00 3 -0.09 524 0.00 3 -0.07 7.55 0.00
4 -0.18 12.42 0.00 4 -0.26 5.24 1.63 4 -0.17 1.56 0.00
5 -0.19 47.62 18.63 5 -0.22 5.99 2.34
i = Oak Lodge Sanitary District i = City of Canby
Piece Gadient, Gik Up Bound, Low Bound, Piece Gadient, Gik UpBound, Low Bound,
No., {milS/yr per Uik Lik No., {milSyr per Uik Lik
k gBODu/s) (gBODu/s) {gBODu/s}) k gBODu/s) {gBODu/s}  {gBODu/s)
1 -0.02 6.27 0.00 1 -0.03 2.08 0.00
2 -0.09 226 0.00 2 -0.19 1.00 0.00
3 -0.15 1.82 0.00 3 -0.30 0.35 0.00
4 -0.43 1.82 0.56 4 -0.79 0.60 0.19
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Tables B-34 to B-39; Piecewise Linearization of the Willamette River PPM Cost Data

i = Pope and Talbot Inc.

i = James River Paper Co. Inc.

Piece  Gadient, Gik Up Bound, Low Bound,

Piece  Gadient, Gk Up Bound, Low Bound,

No., {mil$/yr per Uik Lik
k gBODu/s) (gBODur/s}  (gBODu/s})
1 -0.04 53.36 0.00
-0.08 78.69 0.00
-0.23 78.69 26.23

No., (mil$/yr per Uik Lik
k gBCDu/s}  (gBODu/s)  {gBODu/s}
1 -0.04 9.51 0.00
2 -0.21 1_0.32 .00
3 -0.44 10.32 3.44

i = Willamette Industries Inc.

i = Smufit Newsprint Corp. (Newberg}

Piece Gadient, Gik Up Bound, Low Bound,

Piece Gadient, Gik  Up Bound, Low Bound,

No., (mil$fyr per Uik Lik
k gBODu/s)  (gBQODu/s)  (gBODuls)
t -0.07 20.59 0.00
-0.10 36.37 .00
-0.25 34.80 11.60

No., {mil$/yr per Uik Lik
k gBQDu/s) (gBODu/s)  {(gBODu/s)
1 -0.03 49.97 0.00
2 -0.07 46.06 0.00
-017 46.06 15.35

i = Smufit Newsprint Corp. (Oregon)

i = Simpson Paper Co.

Piece  Gadient, Gik UpBound, Low Bound,

Piece Gadient, Gik Up Bound, Low Bound,

No., (mil$lyr per Uik Lik
k gBODu/s) (gBCDu/s) (gBODu/s)
1 -0.M 77.84 .00
2 -0.01 443.12 55.31

No., (mid$/yr per Uik Lik
k gBODu/s) {gBOBu/s) {gBODu/s)
1 -0.02 28.87 0.00
-0.10 31.35 0.00
-0.23 31.35 10.45
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Tables B-40 to B-44: Piecewise Linearization of the Athabasca River PPM Cost Data

i = Welwood of Canada Ltd.

Piece  Gadient, Gik Up Bound, Low Bound,

i = Alberta Newsprint Company

No.,  ($1000/yr per Uik Lik
k kgBODS5/d)  (kgBODS/d)  (kgBODS/d)
1 -2.20 4059 1353
2 -0.83 4059 0
3 -0.34 2750 0

i = Millar Western Pulp Ltd.

Piece  Gadient, Gik lUp Bound, Low Bound,

Mo.,  ($1000/yr per Uik Lik
k kgBODS/d)  (kgBODS/d)  (kgBODS/d)
1 -1.87 1088 340
2 -0.87 1156 0
3 -0.51 612 0

Piece Gadient, Gik Up Bound, Low Bound,
No., ($1000/yr per Uik Lik
k kgBOD5/d) {kgBODbS/) {kgBOD5/d)
1 -1.88 1120 350
2 -0.86 1190 Q
-0.51 830 0
i = Alberta Energy Company (AEC)
Piece  Gadient, Gik Up Bound, Low Bound,
No., ($1000/yr per Uik Lik
k kgBODS5/d) (kgBOD5/d) (kgBOD5/d)

i = Alberta Pacific Forest Industries Ing,

-2.30 560 175
-1.13 595 0
-0.60 315 0

Piece  Gadient, Gik Up Bound, Low Bound,

Nao,, ($1000/yr per Wik Lik
K kgBODS/d)  (kgBODS5/d)  (kgBODSId)
1 -2.17 55635 1845
2 -0.78 5535 ¢
3 -0.32 3750 1]
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Table C-1: Before-trading wasteload allocation and cost figures for the Willamette River far the BO concentration standard of 5 mg/L

Before-Trade Reliability 089 095 080 085 0.80 075 070 065 0.60 055 050 045 040 0.35 030 025 020
WWTP discharge allocation (gBODuls)
1. Metropolitan 12.3 223 27.8 316 347 375 40.0 423 44.6 46.9 49.1 51.4 539 56,4 59.2 62.3 659
4, Corvalis 5.1 93 116 13.1 14.4 156 16.6 178 185 19.5 204 214 224 234 246 259 274
5. Albany 45 82 10.2 11.6 127 13.7 14.6 155 16.3 17.2 18.0 18.8 197 207 217 228 244
7. Salem 365 646 806 916 1006 1085 1157 1225 129.% 1357 1422 1490 1559 1634 1714 1804 1908
8. Newberg 1.3 2.4 3.0 34 37 4.0 4.2 4.5 47 50 52 5.5 5.7 6.0 6.3 6.6 7.0
10. Wilsonville 1.9 34 4.2 4.8 53 57 6.0 6.4 6.7 7.1 7.4 7.8 8.1 85 8.9 9.4 10.0
11. Canby 0.7 13 1.7 1.9 2.1 2.3 2.4 2.6 2.7 2.8 3.0 3.1 3.3 3.4 36 3g 4.0
14. Tri-City 6.4 "7 148 18.8 18.2 196 209 222 234 246 257 270 282 296 310 328 345
15. Portland 736 1339 1670 1899 2086 2249 2398 2540 2677 2812 2949 3088 3233 3387 3554 3740 3855
16. Cak Lodge . 2.2 4.1 5.1 57 6.3 6.8 7.3 7.7 8.1 8.5 8.9 9.3 9.8 10.2 10.8 1.3 12.0
17. Clackamas 9.2 168 210 239 262 283 302 319 337 354 371 388 406 428 447 470 497
PPM discharge allocation {gBODu/s)
2. Pope & Talbot 386 703 878 99.7 1094 118.0 1258 133.3 1405 1476 1547 1620 1696 1777 1885 1962 2075
3. James River 5.5 101 125 143 15.7 169 180 19.1 201 211 221 232 243 254 267 281 29.7
6. Willamette Ind 16.8 306 382 434 477 514 548 5380 612 643 674 706 739 7.4 81.2 854 904
9. Smufit (Newberg) 260 474 591 672 738 796 848 899 947 99.5 104.3 109.2 1144 1198 1257 1323 1399
12. Smufit (Oregon) 954 1737 2166 2464 2705 2917 3111 3294 3472 3648 3824 4005 4193 4393 4609 4851 5130
13. Simpson 168 305 381 433 475 513 547 579 61.0 641 672 704 737 772 810 853 902
% Reduction 082 067 058 0.53 048 044 040 037 033 030 027 023 020 018 0.12 007 002
Total Discharge (gBODu/s) 352 640 799 908 997 1076 1147 1215 1280 1345 1410 1477 1546 1620 1700 1788 1891
Total Savings (1999 $milfyr) 56.7 833 922 969 1001 1026 1049 1071 1092 1109 1123 11386 1147 1159 1171 1184 1198
Total Cost (1999 $milfyr) 86.1 595 506 459 427 402 379 357 336 319 305 292 2841 26,9 257 244 229
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Table C-2: After-trading wasteload allocation and cost figures for the Willamette River for the DO concentration standard of 5 mg/L

Before-Trade Reliability 099 095 090 085 080 075 070 065 060 055 050 045 040 035 030 025 020
WWTP discharge allocation (gBODu/s)
1. Metropolitan 10.0 20.0 324 324 324 65.2 66.9 66.9 66.9 66.9 66.9 66.9 66.9 66.9 66.9 66.9 66.9
4. Corvalis 42 8.3 135 135 135 135 2y8 278 278 278 278 278 278 278 278 278 278
5. Albany 37 7.3 1.9 11.9 11.9 11.9° 245 245 245 245 245 245 245 245 24.5 245 245
7. Salem 29.0 29.0 57.9 78.0 93.9 93.9 93.9 93.9 93.9 939 93.9 93.8 93.9 996 1794 1937 1937
8. Newberg 21 3.4 34 34 7.1 7.1 7.1 71 7.1 7.1 71 7.1 71 7.1 7.1 7.1 7.1
10. Wilsonville 15 4.9 4.9 49 4.9 101 10.1 10.1 101 10.1 10.1 10.1 10.1 161 10.1 10.1 10.1
11. Canby 2.0 2.0 2.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0
14, Tri-City 52 10.5 17.0 17.0 7.0 17.0 351 35.1 351 351 351 35.1 351 351 351 351 35.1
15. Portland 50.2 60.0 92.0 1201 1896 1946 1946 1946 1946 1946 1946 1946 1946 1946 1946 2693 3722
16. Oak Lodge 1.8 59 5.9 59 59 12.2 12.2 12.2 12.2 12.2 12.2 12.2 12.2 12.2 12.2 12.2 12.2
17. Clackamas 8.0 151 15.1 24.5 24.5 245 24.5 245 245 24.5 24.5 24.5 50.5 50.5 50.5 505 50.5
PPM discharge allocation {gBODu/s)
2. Pope & Talbot 787 1574 2107 2107 2107 2107 2107 2107 2107 2107 2107 2107 2107 2107 2107 2107 2107
3. James River 20.6 206 30.2 30.2 30.2 30.2 302 30.2 30.2 30.2 30.2 302 302 30.2 30.2 30.2 30.2
6. Willamette Ind 348 85.9 91.8 91.8 91.8 91.8 91.8 91.8 91.8 91.8 91.8 918 91.8 91.8 91.8 91.8 91.8
9. Smufit {(Newberg) 154 921 92.1 1421 1421 1421 1421 1421 1421 1421 1421 1421 1421 1421 1421 1421 1421
12. Smufit (Oregon) 55.3 55.3 55.3 55.3 55.3 55.3 80.1 147.8 213.3 2781 343.2 4008 4531 5210 521.0 521.0 521.0
13. Simpson 31.3 62,7 62.7 62.7 62.7 91.6 91.6 91.6 916 91.6 91.6 91.6 91.6 916 91.6 916 91.6
Total Discharge (gBODu/s}) 352 640 799 908 997 1075 1147 1215 1280 1345 1410 1477 1546 1620 1700 1788 1891
Total S_avi_ngs {1999 $milfyr) 728 1016 1083 1115 1133 1146 1153 11598 1164 1170 1175 1181 1186 1190 1194 1198 1203
Total Cost (1993 $mil/yr) 70.0 412 34.5 313 29.5 28.2 27.5 26.9 26.4 25.8 253 247 24.2 23.8 234 23.0 225
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Table C-3: Least-cost wasteload allocation and cost figures for the Willamette River for the DO concentration standard of 5 mg/L

Before-Trade Reliability 099 095 08 08 080 075 070 065 060 055 050 045 040 035 030 025 020

WWTP discharge allocation {gBODu/s)

1. Metropolitan 192 324 32.4 324 567 669 669 662 669 669 669 669 669 669 669 669 669
4. Corvalis 4.2 13.% 13.% 13.5 135 278 278 278 278 278 278 278 278 278 278 278 278
5. Albany 3.7 11.9 11.9 11.9 11.9 245 245 245 245 245 245 245 245 245 245 245 245
7. Salem 290 290 579 9389 839 93.9 93.9 939 939 939 939 939 1297 1937 1937 1837 1937
8. Newberg 21 34 3.4 71 7.1 71 7.1 71 7.1 7.1 71 7.1 7.1 7.1 7.1 7.1 7.1
10. Wilsonville 1.5 4.9 4.9 4.9 4.9 10.1 10.1 10.1 101 101 1041 101 10.1 10.1 10.1 101 10.1
11. Canby 2.0 2.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0
14. Tri-City 5.2 10.5 17.0 17.0 17.0 35.1 351 351 351 351 35.1 35.1 351 35.1 351 351 351
15. Portland 600 600 1201 1554 1946 1946 1946 1946 1946 1946 1046 1946 1946 1946 1994 28098 3748
16. Oak Lodge 18 5.8 5.9 5.8 5.9 12.2 12.2 122 12.2 12.2 12.2 12.2 122 12.2 12.2 12.2 12.2
17. Clackamas 7.5 15.1 245 245 245 245 24.5 246 245 245 245 245 50.5 505 505 505 505

PPM discharge allocation (gBODu/s)

2. Pope & Talbot 787 173y 2107 2107 2107 2107 2107 2107 2107 2107 2107 2107 2107 2107 2107 2107 2107
3. James River 206 302 302 302 30.2 0.2 302 302 302 30.2 30.2 30.2 30.2 30.2 30.2 30.2 30.2
6, Willamette ind 348 818 918 918 91.8 918 918 91.8 918 91.8 91.8 918 918 91.8 9t.8 91.8 91.8
9. Smufit (Newberg) 154 921 1105 1421 1421 1421 1421 1421 1421 1421 1421 1421 1421 1421 1421 1421 1421
12. Smufit {Oregon) 5563 553 553 553 55.3 713 1366 1982 2579 3167 3758 4361 4431 4534 5210 521.0 521.0
13. Simpson 313 627 827 827 91.6 9186 916 916 916 916 91.6 918 9186 91.6 91.6 91.6 91.6
Total Discharge {gBODu/s) 372 694 857 963 1066 1138 1204 1265 1325 1384 1443 1503 1572 1646 1719 1800 1804
Total Savings {1999 Smil/yr) 759 1043 1102 1126 1143 1152 1158 1163 1168 1173 1178 1183 1187 119+ 1195 1199 1203
Total Cost (1999 $milfyr) 669 385 326 302 28.5 276 270 265 26.0 255 250 245 241 237 233 229 225
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Table C-4: Before-trading wasteload allocation and cost figures for the Athabasca River for the DO concentration standard of § mg/L

Before-Trade Reliability 099 095 090 085 08B0 075 070 065 060 055 050 045 040 035 030 020 010
WWTP discharge allocation (tonBQDS5/d)
1. Welwood 224 2864 285 3.00 3142 322 332 3.41 3.50 358 367 3.75 384 394 404 428 482
2. Alberta Newsprint 1.43 168 1.81 1.91 198 205 211 217 223 228 233 239 245 251 257 273 294
3. Millar 139 163 176 185 193 199 205 211 216 221 227 232 238 243 250 265 286
4. Alberta Energy 0.71 084 091 0895 099 1.03 1.06 1.08 1.1 1.14 1.17 1.19 1.22 125 129 1.36 147
5. Alberta Pacific 306 359 389 409 425 440 453 465 477 488 500 512 524 537 5.51 584 630
Uini Discharge {(kgBODS/ADT) 204 240 259 273 284 293 302 310 3.18 326 333 341 349 358 367 389 420
Total Discharge {fonBOD5/d) 8.8 104 11.2 11.8 12.3 12.7 131 13.4 13.8 14.1 14.4 14.8 15.1 16.5 15.9 16.9 18.2
Total Savings (1979 $milfyr) 177 203 217 227 235 242 248 254 26.0 265 271 276 281 287 293 300 310
Total Cost (1979 Smil/yr) 240 185 180 171 163 156 149 143 138 132 127 421 116 110 104 97 8.8
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Table C-5: After-trading wasteload allgcation and cost figures for the Athabasca River for the DO concentration standard of 5 mg/l

Before-Trade Reliability

099 095 090 085 080 075 070 065 060 055 050 045 040 035 030 020 010
WWTP discharge allocation (tonBOD5/d)
1. Welwood 406 406 408 406 406 406 4068 4068 4056 406 406 406 406 426 466 561 694
2. Alberta Newsprint 035 035 035 05 104 112 142 112 142 112 144 179 2144 231 231 231 2.3
3. Millar 0634 034 072 109 109 109 120 155 180 223 224 224 224 224 224 224 224
4. Alberta Energy 056 056 056 056 056 089 116 116 116 116 116 116 116 116 116 118 1.16
5. Alberta Pacific 352 507 554 554 554 554 554 554 554 554 554 554 551 554 554 554 554
Total Discharge (tonBODS/d) g8 104 M2 M8 123 127 131 134 138 141 144 148 151 155 159 169 182
Total Savings (1579 $milfyr) 192 225 242 253 262 267 271 274 277 280 283 286 289 292 296 304 315
Total Cost (1979 $milfyr) 206 172 155 144 135 130 126 123 120 17 114 111 108 105 .102 94 8.3
Table C-6: Least-cost wasteload ailocation and cost figures for the Athabasca River for the DO concentration standard of 5 mg/L .
Before-Trade Reliability 099 095 090 085 08 075 070 065 060 055 050 045 040 035 030 020 010
WWTP discharge allocation (tonBODS/d)
1. Welwood 154 237 289 328 362 379 395 406 406 406 406 406 406 406 406 408 4.81
2. Alberta Newsprint 294 294 2094 294 204 294 294 284 284 294 294 294 294 294 294 2894 294
3. Millar 109 109 109 109 109 109 109 113 130 148 165 182 200 219 224 224 224
4. Alberta Energy 147 147 147 147 147 147 147 147 147 147 147 147 147 147 147 147 147
5. Alberta Pacific 554 554 554 554 554 571 590 609 631 654 679 705 734 767 818 960 11.07
Total Discharge (tonBCDS/d) 126 134 139 143 146 150 153 157 1161 165 169 173 178 183 1889 203 225
Total Savings (1979 $milfyr) 230 249 260 269 276 281 286 291 294 297 300 304 308 312 317 328 345
Total Cost (1979 $milir) 16.7 149 137 129 121 16 111 107 104 100 97 9.3 9.0 85 8.1 7.0 52
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