
Published: September 08, 2011

r 2011 American Chemical Society 5922 dx.doi.org/10.1021/ie2009197 | Ind. Eng. Chem. Res. 2012, 51, 5922–5931

ARTICLE

pubs.acs.org/IECR

A Mathematical Programming Approach to Pollution Trading
Francisco Lopez-Villarreal,† Vicente Rico-Ramirez,†,* Guillermo Gonz�alez-Alatorre,†

Pedro A. Quintana-Hernandez,† and Urmila M. Diwekar‡

†Instituto Tecnologico de Celaya, Departamento de Ingenieria Quimica, Avenida Tecnologico y Garcia Cubas S/N, Celaya, Guanajuato,
Mexico 38010
‡Vishwamitra Research Institute, 368 56th Street, Clarendon Hills, Illinois 60514, United States

ABSTRACT: Pollutant trading adds flexibility to the pollution abatement decision making and introduces a new alternative to
policy makers and industries. The overall goal is to meet environmental conditions equal or better than those obtained through the
implementation of pollutant treatment technologies, but at a lower cost. This work proposes optimization models that can guide
industries in taking optimal decisions under the flexibility provided by the trading. The mathematical models, formulated as mixed-
integer programming problems, are limited to watershed trading and have been implemented and solved through the GAMS
modeling environment. Results include optimal decisions for each pollutant source in order to satisfy global environmental
regulations. That is, either implementing one of the available pollution abatement technologies or attaining credits through trading.
To assess the performance of the optimization models, we consider a mercury trading case study. A comparison among the
nontrading solution and the solutions of the various pollution trading models is presented and analyzed. As the environmental
constraints become more stringent, the value of the objective function (cost of technology implementation and fines) increases and
the configuration of the required technologies changes to avoid high concentrations of pollutants presented in the various discharge
points of the watershed.

1. INTRODUCTION

Pollution trading is a market based strategy designed to satisfy
environmental quality standards. The main goal is to meet
environmental regulations at a lower cost than that involved in
pollutant treatment technology implementation. Firms or orga-
nizations with financial capacity and infrastructure able to reduce
their emissions below the required limits obtain credits. These
credits can be sold to other firms to obtain financial benefits.
Simultaneously, a firm which does not have the infrastructure
capable to reduce its emissions can satisfy environmental regula-
tions by purchasing credits.

The pollution trading concept is attributed to Croker,1 Dales2

and Montgomery.3 Former applications of this market strategy
have been the trading of SOx and NOx emissions4 to meet air
quality standards in an economical effective way. The benefits
obtained from the implementation of this strategy are the cost
reductions related to pollutant treatment, incentives to reduce
emissions below fixed limits, promotion of technological innova-
tion and investment to obtain credits and extra profits.5 This
strategy has also been used in effluent treatment, and several
studies demonstrate its effectiveness in the control of contami-
nants in watersheds6�8 as well as its benefits to the surrounding
population in pollution abatement.9 Various effluent trading
programs are currently in place.5 Recent reports by the US
Environmental Protection Agency describe the effectiveness of
air emissions programs such as the Acid Rain Program (ARP,
which has reduced SO2 emissions by 8 million tons since 1990)
and the NOx Budget Trading Program (BTP, which has lowered
NOx emissions by 60% since the year 2000).

Literature reports several models to describe the trading
mechanisms between pollution sources. Some of the models

consider pollutant nonpoint sources,10�12 market equilibrium,
and permits.13�15 Also, recent works analyze the effect of more
complex issues in the trading policies, such as pollutant dynamics
and pollutant interactions,16 the spatial relationships among effluent
sources,17 innovative approaches for the determination of the
total maximum daily load (TMDL)18,19 and the potential effect
of temperature and bacteria trading.20 Furthermore, Lankoski
et al.21 study the effect of heterogeneity, since pollutants may not
be uniformly mixed and because nonpoint emissions can vary
spatially. Finally, credit borrowing or credit banking can be
considered for use in intertemporal trading.22,23

In this work we start by proposing a basic MILP model for
pollution trading optimization; themodel was formulated by using
ideas similar from those provided by Shastri et al.;24 therefore, the
model focuses in watershed pollution trading. Then, we extend the
scope of that basic MILP formulation by including constraints to
avoid zones with localized high pollutant concentration (hotspots)
and to create an economic penalization system.

2. AN MILP FORMULATION FOR POLLUTION TRADING
OPTIMIZATION IN A WATERSHED

Our basic formulation is based on the work of Shastri et al.,24

and it considers a set of pollutant sources with a specific pollutant
discharge to a watershed.
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2.1. Problem Statement. The control of water quality in
watersheds requires the establishment of a discharge limit by the
authorities, such as the TMDL. Once this limit has been
established, the amount of required pollutant reduction as well
as the pollutant dischargers and their location must be identified.
There are two categories for pollutant dischargers: Point sources
and nonpoint sources. Point sources are sources with measurable
emissions (industries, municipal treatment plants). On the other
hand, nonpoint sources are sources with diffused emissions
difficult to measure (like agricultural discharges). In this work,
we assume that we have the discharge information for all of the
sources; that is, we neglect the nonpoint sources contributions to
the trading.
Several parameters affecting the pollutant trading market must

be defined, such as the trading ratio (how many pollutant
reduction units a pollutant source must purchase to obtain a
reduction unit), the transaction costs (the cost to be paid by a
point source to another source to receive a pollutant reduction
unit), and the total number of pollutant sources considered.
After the TMDL has been established, a discharge limit is

assigned to every point source. To reduce its pollutant discharge
below such a limit, a point source has two options: implementing
any of the available technologies, or buying pollutant credits (see
Figure 1). The formulation has to be able to provide such
decisions.
2.2. Model Formulation. In this section we propose a mathe-

matical programming model to represent the pollutant trading
strategy. The model considers a set of known point sources with
specific limits of pollutant discharge to a watershed. All point
sources can implement any of the available pollutant treatment
technologies to reduce their pollutant emissions at the required
levels according to the established TMDL, but they can also buy
available pollution credits. There are several parameters asso-
ciated to every point source PSi: VDi volumetric discharge of
polluted water from PSi (volume/year); Ci

0 pollutant discharge
concentration for PSi (mass/volume); LC pollutant concentration

limit for all point sources (mass/volume); i = 1, ..., N is the set of
pollutant sources. The calculation of the LC limit is based on the
TMDL regulation according to

LC ¼ TMDL

∑
N

i¼ 1
VDi

It should be noticed that, although the definition of the TMDL
implies a daily basis for the limiting mass load, we will assume
throughout this paper that the regulation is given in a yearly basis (still,
we keep on using the term TMDL for the limit imposed by the
regulator authorities). Further, there are two parameters related to
trading. One of them is the trading ratio (r), whereas the other is the
transaction cost (PC, $/mass). The value r represents the number of
units of pollutant reduction that a sourcemust purchase in order to be
credited for one unit of load reduction. PC is the cost of a pollutant
credit to be paid by a point source to another source for controlling its
water waste.
There are two alternatives for each PS: either buying credits

from other PS or installing technology to reduce its waste. j = 1, ...,
M is the set of pollutant reduction technologies available to be
installed by any pollutant source. Additional definitions are as
follows.
MDi

0: initial pollutant discharge (discharge without trading or
technology implementation) from a PSi (mass/year).
LMi: maximum pollutant discharge allowable for a PSi (mass/
year).
CTIij: cost of implementing technology j in PSi ($).
TACj: total annualized treatment plant cost of technology
j ($/volume).
MC: upper limit for the number of pollutant credits that a PSi
is allowed to sell or to purchase (mass).
rpij: removed pollutant in PSidischarges through technology
j implementation (mass).
prcj: potential pollutant reduction capability from technology
j (mass/volume).
MPDi: mass of pollutant actually discharged by PSi after
technology implementation.
Cpurch i: credits purchased by a PSi (mass)
Csold i: credits sold by a PSi (mass)
PRTCi: pollutant reduction achieved by a PSithrough pollu-
tant credits trading (mass)

Figure 1. Alternative to satisfy environmental regulations: technology
implementation or trading.

Table 1. Measurement Units of Variables and Parameters
Used in the Models

symbol units

VDi liter/year

Ci
0 kg/year

LC kg/liter

TMDL kg/year

PC $/kg

CTIij $/year

TACj $/liter

CCik kg/year

PRTCi kg/year

MC kg/year

rpij kg/year

prcj kg/liter

http://pubs.acs.org/action/showImage?doi=10.1021/ie2009197&iName=master.img-000.jpg&w=240&h=237
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CPTi: total cost involved in the purchase or selling of pollution
credits ($)
Binary variables ypi and ysi are associated to the purchase and

selling of pollutant credits, respectively; they are equal to 1 when
trading exists, and 0 otherwise. bij are the binary variables
representing the relation point source-technology. bij is equal
to 1 when PSi implements technology j, and 0 otherwise. Finally,
CCik are the pollutant credits purchased by PSi from PSk (mass/
year). As mentioned before, all of the parameters are in annual
basis; Table 1 shows the measurement units of the main
parameters and variables involved in the formulation.
Given the previous definitions, the model can then be for-

mulated as follows. The objective function is provided by eq 1:

min ∑
N

i¼ 1
∑
M

j¼ 1
CTIij ð1Þ

The goal of the model is to achieve the TMDL constraint at a
minimum global cost. Equation 1 represents the minimization of
the global cost of technology implementation (the summation of
technology implementation costs for every pollutant source).
Costs associated to the purchase and selling of credits are not
considered in the objective function. It is assumed that, in the
overall context, the financial benefits obtained by a PSk from
selling CCik credits are the same as the costs paid by the
corresponding PSi for purchasing those credits.
The optimization is subject to eqs 2�15:

CTIij ¼ TACj 3VDi 3 bij " i, j ð2Þ
In eq 2, the total annualized treatment plant cost (TACj)
includes capital, maintenance, and operation costs associated
to technology j. The costs associated with technology imple-
mentation and the pollutant reduction capability of any available
technology are expected to be nonlinear with respect to the
treatment capacity, concentration, and characteristics of the
treated effluent. Nevertheless, eq 2 assumes that the technology
implementation cost varies linearly with the volumetric discharge
of polluted effluent. Considering that the technology implemen-
tation costs are a linear function of the volumetric discharge is a
simplifying assumption which avoids nonlinearities and noncon-
vexities in the formulation. If nonlinear cost functions would have
been incorporated, the resulting model would be a nonconvex
MINLP program.
Purchase and selling of credits are allowed among all point

sources. Equations 3 and 4 calculate the amounts of credits
purchased and sold.

Cpurch i ¼ ∑
N

k¼ 1
CCik " i ð3Þ

Csold i ¼ ∑
N

k¼ 1
CCki " i ð4Þ

Total pollutant reduction achieved by PSi through trading is
calculated in eq 5.

PRTCi ¼ 1
r 3
Cpurch i � Csold i " i ð5Þ

Equation 6 avoids trading between a point source and itself:

CCii ¼ 0 " i ð6Þ

Equations 7 and 8 are the Big-M formulation for the credits sold
and purchased in terms of the corresponding binary variables.

Cpurch i e MC 3 ypi " i ð7Þ

Csold i e MC 3 ysi " i ð8Þ
There exists a policy of at most one single trading between every
possible pair of point sources; so that there is only one trading
ratio and only one trading fee that can be applied to a given pair.
Equation 9 excludes the possibility of a PSi of purchasing and
selling credits simultaneously.

ypi þ ysi e 1 " i ð9Þ
Equation 10 calculates the cost of trading for each PSi:

CPTi ¼ PC 3 ½Cpurch i � Csold i� " i ð10Þ
Themaximum pollutant discharge (mass) based on the TMDL is
calculated in eq 11.

LMi ¼ VDi 3 LC " i ð11Þ
Equation 12 calculates the initial (without trading or technology
implementation) pollutant discharged by a PSi.

MD0
i ¼ VDi 3C

0
i " i ð12Þ

The pollutant removed through technology implementation is
calculated in eq 13:

rpij ¼ prcj 3VDi 3 bij " i, j ð13Þ
As in eq 2, eq 13 assumes that the pollutant reduction capability
varies linearly with the volumetric discharge of polluted effluent.
The amount of pollutant discharged after technology imple-

mentation is calculated in eq 14.

MPDi ¼ MD0
i � ∑

M

j¼ 1
rpij " i ð14Þ

Finally, eq 15 is the main environmental constraint. It establishes
that the amount of pollutant discharged after technology im-
plementation minus the pollutant reduction accomplished
through pollutant trading should be equal or less than the
pollutant discharge limit (calculated by using the TMDL reg-
ulation).

LMi g MPDi � PRTCi " i ð15Þ
In summary, the resulting formulation consists of eqs 1 through
15; the model is an MILP problem, and can be applied to any
watershed and any pollutant.
Notice that the model has some limitations; for instance,

(i) the geographical location of pollutant sources along the
watershed is not considered in the analysis, and the presence of
hotspots is not avoided, and (ii) scenarios in which pollutant
sources cannot accomplish the environmental constraints are not
considered (those cases require the definition of an economic
penalization strategy).

3. EXTENDING THE SCOPE OF THE BASIC MILP MODEL

Given the limitations mentioned above, two extensions to the
scope of the model are proposed. The first aims to avoid the
existence of hotspots. The second aims to incorporate a mone-
tary penalization system for those pollutant sources that cannot
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meet environmental constraints even after pollution trading and
technology implementation.
3.1. Hotspots. Pollution trading techniques may lead to

negative environmental consequences due the presence of high
localized concentrations of pollutant (hotspots). It is probable
that there exist some sources with emissions greater than the
TMDL limit, but the environmental regulations are still satisfied
due to trading. The extension of the environmental damage not
only depends on the level of pollutant emissions, but also on the
localization of the pollutant sources. This work proposes an
alternative approach to incorporate the effect of pollutant
sources distribution along the watershed in pollution trading
processes. Whereas dispersion of atmospheric pollutants occurs
in a multidirectional manner depending on the wind flow,
pollutants in watersheds flow unidirectionally to the lowest level,
from upstream to downstream. To avoid hotspots we assume
that point sources can be distributed geographically in the
watershed. Neighboring source points are allocated into regions
in terms of their geographical locations. These geographical
zones will be represented by the set, G, where G = {1, ..., L}
and the index l, where l ∈L. Every PSi corresponds to one
geographical zone l, and there could be more than one PSi in a
geographical zone. Hence, there are Nl point sources in the
geographical zone l. It is also necessary to introduce a new
parameter, SF, that represents a limiting environmental factor.
The limiting factor (SF) multiplied by the TMDL allows us to
establish the limit above which a pollutant discharge could be
considered as a hotspot. The proposed constraint is given by
eq 16.

SFl ∑
Nl

i¼ 1
LMi g ∑

Nl

i¼ 1
MPDi " l ¼ 1, :::, L ð16Þ

Equation 16 is imposed for each geographical zone defined
within the set {1, ..., L}; it implies that the total (summation
over the point sources within the zone) amount of pollutant
present in a stream after pollutant reductions due only to
technology implementation should be equal or less than the
total (summation over the point sources within the zone)
permitted discharge multiplied by SFl. Also notice that pollutant
reductions from trading are not included in the constraint.
Therefore, the point sources located in the same geographical
zone must decrease (without trading) their pollutant discharges
below the limit established by the product between the TMDL
and the limiting factor.
As an initial approach, this limiting factor SF could be fixed by

heuristics (environmental studies) considering lethal doses. The
factor could be different for each geographical zone, although in
our case study we consider the same value for all of the zones. As
we will show, here we study the effect of this factor (1.35�1.05)
on the optimal decisions. The first extension to the basic
formulation involves then the addition of eq 16 to the model.
3.2. Economic Penalties. As a second extension to the basic

model, we propose a strategy to penalize those sources that
cannot satisfy the TMDL limit even with trading; this case
intends to include practical scenarios where some point source
might not comply with environmental regulations. Therefore,
the first step for including economic penalizations is removing
eq 15 (and eq 16 in the case of geographical constraints) from the
basic formulation.
3.2.1. Economic Penalization: Alternative 1.We then propose

to add a new variable difi. This variable represents the difference

between the expected pollutant reduction and the actual reduc-
tion after trading and technology implementation are used (any
or both). The environmental constraint is redefined as follows:

LMi g MPDi � PRTCi � dif i " i ð17Þ
Notice that eq 17 is actually a relaxation of eq 15, but then a
penalization for the new term difi is needed. So, the objective
function is also modified accordingly to incorporate a new term
representing the fines incurred by the pollutant sources when
they cannot satisfy the TMDL limits:

min ∑
N

i¼ 1
∑
M

j¼ 1
CTIij þ Fi ∑

N

i¼ 1
dif i ð18Þ

where Fi is the value of the fine imposed to the source which
violates the environmental constraints. The definition of the
economic penalty would most certainly be provided by the state
(regulator). In this work we estimate this parameter through the
following computations:

TP ¼ ∑
N

i¼ 1
Pi ð19Þ

TP represents the total cost when trading is not possible and
regulations are met only through technology implementation
(this parameter has to be evaluated by solving the basic MILP
model when trading is not allowed). TDR represents the total
targeted pollutant reduction, given the values of TMDL:

TDR ¼ ∑
N

i¼ 1
redi ð20Þ

Therefore, CPG is equal to the cost per gram of reduction when
the total expected reduction is accomplished only through
technology implementation:

CPG ¼ TP
TDR

ð21Þ

Finally, Fi is calculated through eq 22:

Fi ¼ ϕ 3CPG ð22Þ

Summarizing, Fi represents the fine (dollars per mass unit of
pollutant discharged above the allowed limit) imposed to con-
straint violators. CPG is the cost of pollutant abatement (dollars
per mass unit of pollutant eliminated through technology
implementation) when no trading is allowed. Then, ϕ represents
a factor by which the CPG has to be multiplied in order to
calculate the fine. Since ϕ is greater than 1, it means that the
economic penalization (per mass unit) for a constraint violation
is greater than the cost of eliminating the pollutant discharge
through technology implementation. So, although the formula-
tion allows constraints violation, this value still intends to enforce
satisfaction of the environmental regulations. In our case study, ϕ
is set to 1.1.
3.2.2. Economic Penalization: Alternative 2. A second alter-

native to model an economic penalization system is the case in
which fines are imposed to a source as a fixed cost when an
environmental constraint is violated. The environmental con-
straint related to this assumption is the same as the one shown in
eq 17. However, in this case, two additional constraints are
needed (Big-M formulation). These two constraints are shown in
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eq 23 and 24:

dif i e M 3wi " i ¼ 1, :::,N ð23Þ

dif i g 0 " i ¼ 1, :::,N ð24Þ
M is an upper bound for the violations and wi is a binary variable.
It should be noticed that, when a point source violates the
regulation, the binary variable is activated. The costs of monetary
penalizations are incorporated into the objective function in the
second term as shown in eq 25:

min ∑
N

i¼ 1
∑
M

j¼ 1
CTIij þ ∑

N

i¼ 1
Fi2 3wi ð25Þ

Under this approach, the economic penalizations are applied if an
environmental constraint is violated, and the penalty does not
depend on the level of the environmental violation (difi). Fi2
represents the value of the monetary penalization. In the pre-
sented case study the values of M and Fi2 are 1 and $100,000,
respectively.
As a final note on this penalization system strategy, we are

aware that an economic penalty will not repair the ecological
equilibrium in the watershed. However, we believe that, if the
fines imposed by the economic penalization system are properly
set, the decision making process will be affected and the optimal

solution for the various point sources may lead to a decrease on
the pollutant discharges. In fact, the model can be applied to
perform a sensitivity analysis which would help in the selection of
the best values for the fines.
3.3. Scope and Additional Limitations of the Formula-

tions. Policies or strategies to pollution abatement provided by
the pollution trading (or cap and trade) approach are not being
modified nor proposed in this paper; since pollution trading
programs and their approaches to pollution abatement are
already in place, our work is just intended to model the existing
policies and to optimize the potential benefits of the trading
strategy. Please notice the following additional limitations of our
optimization models:
(a) TMDL determination: The TMDL (or cap) is a very

important parameter in the pollution trading strategy;
however, in the proposed approach, our goal is not to
provide a method for its determination. The significance
of the TMDL is recognized by the authorities though,
and its value is defined in terms of the current legislation.
A recent report19 includes a comprehensive description
of an efficient approach to calculate the TMDL for
optimal water quality decisions.

(b) Pollutant dynamics: It is clear that the discharged pollut-
ants are going to undergo a series of time-dependent
physicochemical transformations in the watershed, such
as dispersion of pollutants, interactions among pollutants
or chemical reactions among pollutants and any organic
material present in the water. Those issues, however, are
not considered in the model and are out of the scope of
our approach.

(c) Sustainability of the watershed: The models that we are
proposing assume a constant value for the TMDL and
the issue of sustainability for the watershed is not
considered explicitly in this work. As we understand,
however, issues such as the sustainable management of
the watershed and the pollutant dynamic behavior are
implicitly considered in the environmental regulations
imposed by the state through the TMDL.19,20

4. CASE STUDY

To assess the performance of the proposed formulation and
the described extensions, we present a modified version of the
mercury trading case provided by Shastri et al.24 In this example
the TMDL has been defined as 1.1209 kg/year; then, the limit for
the discharge concentration, LC, results in 2.3 ng/L. The mass
discharge allowed for every PSi is the product of the LC times the
design flow rate. Table 2 shows the parameters for each point
source in the case study.
4.1. Pollutant Reduction. Three different water treatment

technologies are considered; it is assumed that all of the
technologies are available for every PS. As stated, capital require-
ments and reduction capabilities of these technologies are assumed

Table 2. PS Data for Case Study

point

source

volumetric discharge

(106 l/year)

discharge

concentration (ng/l)

targeted reduction

(g/year)

1 63688.303 4.65 149.668

2 2072.288 3.7 2.901

3 6355.015 4.3 12.710

4 2072.288 3.4 2.280

5 2763.050 3.88 4.366

6 3094.616 3.7 4.332

7 1657.830 3.9 2.653

8 37301.175 4.83 94.372

9 6216.863 4 10.569

10 1381.525 3.1 1.105

11 1381.525 3.06 1.050

12 1381.525 3.22 1.271

13 2763.050 3.31 2.791

14 5201.442 4.8 13.004

15 24867.450 4.33 50.481

16 9946.980 5.1 27.852

17 80957.365 4.87 208.060

18 31775.075 4.52 70.541

19 1591.517 5.05 4.377

20 500.112 4.14 0.920

21 149204.700 4.58 340.187

22 6465.537 5.2 18.750

23 38807.037 4.41 81.883

24 2653.910 3.9 4.246

25 751.550 4.5 1.653

26 690.763 3.95 1.140

27 4.145 3.72 0.006

28 1721.380 4.1 3.098

29 74.602 3.4 0.082

Table 3. Different Treatment Technologies Data

process

mercury capacity

reduction (ng/L)

capital requirement

($/1000 m3)

activated carbon adsorption (A) 3.0 396.3012

coagulation and filtration (B) 2.0 264.2008

ion interchange (C) 1.0 158.5205
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to be linearly related to the discharge volume. The total plant cost
includes capital as well as annual operating costs per unit volume of
discharge being treated (See Table 3).
4.2. Trading Constraints. Required parameters for trading

include the trading ratio r and the trading transaction cost PC.
For the case studies we assume that the trading ratio, r, is 1.1, and
the trading transaction cost, PC, is equal to $1.5 � 106/kg.

5. RESULTS AND DISCUSSION

The optimal decisions obtained from the basic formulation are
referred to as the base solution. Analysis when geographical
zones are considered but no environmental violations (and
economic penalties) are allowed is referred to as the zones
solution. Finally, the formulations including fines but no geo-
graphical zones are referred to as the fines solution 1 (eqs 1�14
and 17�22) and fines solution 2 (eqs 1�14, 17 and 23�25).

Our results include a comparison between the different
solutions: (a) base solution, (b) zones solution, (c) fines solution
1, and (d) fines solution 2. An analysis of the impact of using
different SF values is also included. Table 4 shows the results
obtained for the case study when the TMDL limit is equal to

2.3 ng/L. First result in Table 4 is that any trading solution
satisfies environmental regulations at a lower cost than the
nontrading solution.

Figures 2 through 7 present the cumulative pollutant dis-
charge in the watershed at every point source (point sources are
numbered from upstream to downstream). The cumulative plot
implies the successive addition of the allowed or actual pollutant
discharge (mass/time, g/year) from one point source to the next
one. Every figure presents six curves. The solid line (upper curve
in all of the cases) represents the limiting case used to define
when a pollutant discharge becomes a hotspot (environmental
regulations should avoid reaching this limit). This line is obtained
by multiplying the environmental factor SF times the allowed
pollutant discharges for every PS. On the other hand, the lower
most curve represents the cumulative pollutant discharge for the
nontrading case; that is, the situation when the pollutant abate-
ment is achieved only through technology implementation in all
of the sources (that is the best scenario in terms of environmental
impact, but most probably not the best case in terms of economics).
The rest of the curves in Figures 2 through 7 (located within the
limits described above) show the cumulative pollutant discharge
achieved through the four different trading solutions proposed in

Figure 2. Cumulative pollutant discharge (g/year) at every PSi when
SF = 1.35.

Figure 3. Cumulative pollutant discharge (g/year) at every PSi when
SF = 1.30.

Table 4. Results for Case Study

objective function

106 ($)

technology units

of type A implemented

technology units

of type B implemented

technology units of

type C implemented total

no trading solution 187.8372964 12 14 3 29

base solution 148.4748382 12 17 0 29

fines solution 1 148.4748382 12 17 0 29

fines solution 2 147.5363404 7 16 0 23

zones solution SF = 1.35 148.4748382 12 17 0 29

SF = 1.30 148.4748382 12 17 0 29

SF = 1.25 148.4748382 12 17 0 29

SF = 1.20 148.4748382 12 17 0 29

SF = 1.05 148.5560584 7 16 0 23

http://pubs.acs.org/action/showImage?doi=10.1021/ie2009197&iName=master.img-001.png&w=240&h=221
http://pubs.acs.org/action/showImage?doi=10.1021/ie2009197&iName=master.img-002.png&w=240&h=216
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this work (for comparison purposes). Figures 2 through 7 differ in
the value of the SF used, varying from1.05 to 1.35. TheTMDL limit
is equal to 2.3 ng/L for all of the sources.

In Figures 2�5, the difference between allowed discharges and
the discharges after trading is indeed always positive. This means
that all of the formulations provide a technology implementation
structure and a trading scenario where environmental constraints
are not violated; hotspots are not created at any source. However,
as the SF value decreases and gets closer to 1, the solution
provided by the basic formulation could violate environmental
constraints creating hotspots, or pollutant discharges higher than
the allowance in localized points. Hence, Figure 6 shows that,
when SF is equal to 1.10, the optimal discharges from PS1 to PS5
create hotspots in the base, fines 1 and fines 2 solutions.

Similarly, in Figure 7, the pollutant sources from PS1 to PS7
create hotspots when the configurations given by the basic, fines
1 and fines 2 formulations are implemented. This situation,
however, is avoided in the zones solution by adding the environ-
mental constraints shown in eq 16.

In general, the pollutant emissions after trading when the
geographical constraint is included (zones solution) are lower
than those obtained in the rest of the configurations. From an
environmental point of view, one could say that this configura-
tion (technology implementation plus optimal trading in the
zones solution) is better than the solutions that incorporate fines.
The presence of fines only indicates that global environmental
conditions are not being achieved, and some point sources will

Figure 4. Cumulative pollutant discharge (g/year) at every PSi when
SF = 1.25.

Figure 5. Cumulative pollutant discharge (g/year) at every PSi when
SF = 1.20.

Figure 6. Cumulative pollutant discharge (g/year) at every PSi when
SF = 1.10.

Figure 7. Cumulative pollutant discharge (g/year) at every PSi when
SF = 1.05.
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find more convenient to pay fines than installing technology.
Also, notice that, according to eq 22, a fine is just ϕ (1.1) times
the value of the total reduction cost when trading is not allowed.
This parameter could be modified with higher values. As the
value of Fi increases, the objective function also increases. The
same happens with eqs 23�25. Pollutant emissions in fines
solution 2 are higher than those in fines solution 1 in almost all of
the cases. This indicates that the parameters used in the fines
solution 1 model are more effective for controlling pollutant
emissions. Of course, it is always desirable to satisfy environ-
mental constraints. Nevertheless, a fine implementation system
as the one described in this work can be used by the authorities,
stake holders, and decision makers to take different actions, such
as the estimation of appropriate values for the fines. Fines
charged by the authorities could be used to reward facilities that
are reducing discharges below the limits, or to install treatment
technology in strategic locations to satisfy the regulations.

As an illustration, Figure 8 shows the optimal configuration
achieved by our formulation with respect to technology imple-
mentation. The configuration shown corresponds to the case
when pollution trading is not allowed (no trading solution) and
all pollutant reduction is accomplished through technology
implementation. Table 5 summarizes the optimal configurations
obtained by all of the formulations described in this paper.
Further, Table 6 provides the optimal trading decisions resulting
from the basic formulation and the model which avoids hotspots
with SF = 1.05 (geographical constraints model); observe that,
when trading is allowed, basically all of the point sources (except
source 3) participate in the trading (either by purchasing or
selling credits).

FromTables 4 and 5, observe that the optimal configuration
provided by the basic formulation requires the installation of
29 technology treatment units; 12 of type A, 17 of type B, and
none of type C. Also, Tables 4 and 5 show how the config-
urations are modified to avoid hotspots when the geographical
constraints are added (zones solutions). Observe the case
when SF = 1.05 (SF values closer to 1 imply more stringent
environmental regulations); that case requires only 23 treat-
ment units (7 of type A and 16 of type B). Notice that the most

effective, but also the most expensive, pollutant treatment
technology is the activated carbon adsorption facility (A). On
the contrary, the less effective and cheaper technology is the
ion interchange technology (C). Interesting observations can
be made when comparing the results of the two configurations
mentioned above:
(a) The cost of the zones solution with SF = 1.05 is greater

than the cost of the base solution. This makes sense since
the zones solution avoids hotspots by incorporating
additional environmental constraints, more stringent
regulations will imply higher costs.

(b) The previous observation is true even though the zones
solution with SF = 1.05 requires only 23 treatment units
(as opposed to the 29 units required bymost of the rest of
the solutions). This situation can be explained from the
data presented in Tables 2 and 6. From Table 2, the
higher values of the targeted pollutant reduction corre-
sponds to sources 1, 17, and 21. It turns out that source
17 requires technology A (the most expensive) in all of
the solutions. Similarly, optimal results suggest that
source 21 should implement technology B in all of the

Table 5. Optimal Configurations Achieved with Respect to
Technology Implementation

zones solution SF =

PS

no

trading

solution

base

solution

fines

solution 1

fines

solution 2 1.35 1.30 1.25 1.20 1.05

1 A B B B B B B B A

2 B B B B B A B B B

3 B B B B B B B B B

4 B B B B B B A B �
5 B B B B A B B A B

6 B A A B A A A A B

7 B B B A B B B B B

8 A A A A A A A A B

9 B B B B B B B B B

10 C B B � B A A B �
11 C B B � B B B B �
12 C B B � B B B B �
13 B A A � B B B B �
14 A A A B A A A A A

15 A B B B B B B B B

16 A A A A A A A A A

17 A A A A A A A A A

18 A B B B B B B B B

19 A A A B A A A A A

20 B A A � A A A A B

21 A B B B B B B B B

22 A A A A A A A A A

23 A B B B B B B B A

24 B B B B B B B B B

25 A A A B A A A A B

26 B A A � A B B A B

27 B A A A A A A A �
28 B B B B B B B B B

29 B B B A B B B B B

Figure 8. Optimal configuration: no trading solution.
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cases and satisfy regulations by purchasing credits. How-
ever, source 1 can implement technology B and still
satisfy regulations through purchasing credits in all of the
cases, except when SF = 1.05 and the nontrading solu-
tion; in these last two cases, the optimal solution indicates
that source 1 must implement technology A. That result
is consistent; the most restrictive case and the nontrading
case require the implementation of more efficient treat-
ment technologies to satisfy the regulation. Also, that
simple change in the configuration really affects the
objective function, since the implementation of technol-
ogy A in source 1 will greatly increase the cost; recall that
the cost is a linear function of the high pollutant reduc-
tion values needed in source 1.

(c) Implementation of technologyA in source 1 also impacts the
optimal trading decisions (see Table 6). When technology
B is implemented in source 1 (base solution), that source
needs to purchase credits in order to comply with regula-
tions. On the other hand, when technology A is implemen-
ted (when SF = 1.05 as explained above), source 1 even has
the capability of obtainingfinancial benefits by selling credits.

(d) Finally, recall that the case where SF = 1.05 includes a
constraint that has to be satisfied by each of the geo-
graphical zones. If technology A is used in source 1, a
hotspot is avoided through that decision, and the sur-
rounding sources will find it more convenient (from the
financial point of view) to purchase credits than to
implement technology. Table 5 and 6 show that sources
4, 10, 11,12, and 13 purchase credits instead of implement-
ing technology B when source 1 implements technology A.

We can also observe differences between thefines solutions and the
zones solution. This is because some sources find it more convenient
to pay fines than to install treatment technology units. Through this
analysis, authorities, stakeholders, and decision makers could deter-
mine which point sources actually require the installation of technol-
ogy, and which of them can consider additional alternatives (either
installing technology or paying fines). Further applications of the
formulation including economic penalizationwould be an appropriate
estimation of the fines imposed to environmental constraints violators.

6. CONCLUSIONS

This work discusses amathematical programming approach to
the representation of the pollution trading strategy. Given the
basic formulation, the implementation of additional constraints
to avoid hotspots prevents the existence of zones with high
concentrations of pollutant that could put at risk the environ-
mental conditions of a watershed. The economic penalization
system incorporated into the formulation provides a relaxation to
the environmental constraints in the problem. However, it is
always desirable to satisfy environmental limits (such as the
TMDL) to avoid harmful effects. Still, the proposed penalty
approach could be useful as a guide to decision makers, stake-
holders, and authorities. In particular, a sensitivity study could be
applied to practical situations in order to find consistent values of
the various parameters involved (transaction radio, transaction
cost, TMDL, SF, Fi, etc.).

7. FUTURE WORK

Our current efforts in this area are focused on analyzing the
impact and practical suitability of several potential improvements
to the described formulations. First, a multiperiod model can be
useful in practical applications; it would allow the incorporation
of credit banking and changes due to seasonal variations, such as
variations in the TMDL, as suggested in the literature.10,11 We
think that such a model is a step forward toward seeking the
sustainability of thewatershed.A seconddirect extension involves the
incorporationof uncertainties into the formulation (due, for instance,
to variations in temperature and precipitation). These improvements
would leave us with a stochastic multiperiod MILP model. Our
results in both of these aspects would be available shortly.

The proposed models can also be extended by considering
nonpoint sources into the analysis. Nonpoint sources have
significant potential for pollutant reduction.25 Applying the
model to different pollutants and creating systems with cross
trading are further potential extensions. Finally, varying the size
of trading units might have an important effect in the results26

and its impact should be analyzed.
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Table 6. Optimal Pollution Trading among Point Sources

basic formulation

(base solution)

geographical

environmental constraints

(zones solution, SF=1.05)

point source

credits purchased

(g/year)

credits sold

(g/year)

credits purchased

(g/year)

credits sold

(g/year)

1 2.4520 4.1397

2 0.1243 0.1243

3

4 0.1865 0.2509

5 0.1160 0.1160

6 0.4951 0.1857

7 0.0663 0.0663

8 1.7532 2.1747

9 0.1865 0.1865

10 0.1658 0.1216

11 0.1713 0.1155

12 0.1492 0.1398

13 0.5498 0.3070

14 0.2601 0.2601

15 0.0821 0.0821

16 0.1989 0.1989

17 3.4812 3.4812

18 0.7690 0.7690

19 0.0398 0.0398

20 0.0580 0.0080

21 4.5955 4.5955

22 0.0647 0.0647

23 0.4696 0.4696

24 0.1062 0.1062

25 0.0601 0.0165

26 0.0932 0.0242

27 0.0007 0.0006

28 0.0344 0.0344

29 0.0067 0.0067
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