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Introduction

"The United States spends more than 2% of its gross domestic product
on pollution control, and this is more than any other country
(6reenberg, 1995)."

U.S. Environmental Protection Agency (http://www.epa.gov/)

Air quality - outdoor (e.j. SO2 emissions which causes acid rain), indoor
(e.j. tobacco smoke and radon) and greenhouse gases emitted (e.j. CO2
emissions), for example, by automobiles, power generation, and industry
activities

Land Quality - land cover (the six major classes, forestland, grassland,
shrubland, developed land, agricultural land, and other, have equilibrium
ecological effec‘rs‘,s, land use (purpose to which a unit of land is being used;
to differentiate from land cover, for example, “a unit of land designated for
use as timberland may appear identical to an adjacent unit of protected
for'ebsﬂa;\d"), chemicals (e.j. fertilizers), contaminated land, and waste (e.j.
garbage

Water Quality - water purification models to address pollution in fresh
surface water, groundwater, wetlands, coastal water, and drinking water
quality, recreation in and on water, consumption of fish and shellfish, and
sewage treatment models.

Lynn, Logan, and Charnes, in 1962, developed the first linear program
to control the quality of the environment, which controlled wastewater
treatment plant design and minimize the cost of sewage treatment.
(Greenberg, 1995).



Table 1
Journals Cited in this Survey for Air Quality Control

T —

1976 (Carbone and Sweigart)

Journal Number Earliest Newesl
American Economic Review 1 1974 (Tietenberg)
Applied Mathematical Modeling 1 1993 (Wanatabe and Ellis)
ASCE Journal of Environmental 5 1974 (Darby et al.) 1994 (Ellis and Bowman)
Engineering
Atmospheric Environment 7 1972 (Seinfeld) 1992 (Trujillo-Ventura &
Ellis)
Computers and Operations Research 1 1993 (Wanatabe and Ellis)
Econometrica 1 1971 (Kohn)
Eneérgy Research 1 1981 (Fishbone and Abilock)
Engineering Optimization 1 1992 (Ellis)
Environment and Planning® 1 1972 (Gorr et al.)
Environmental Science and Technology 2 1974 (Trijonis) 1988 (Ellis)
European Journal of Operational 1 1990 (Ellis)
Research
Geographical Analysis 1 1986 (Guldmann)
Journal of the Air Pollution Control 3 1977 (Ont) 1985 (Morrison and Rubin)
Association
Journal of Environmental Economics 6 1976 (Atkinson and Lewis) 1993 (Welsch)
and Management
Journal of Resource Management and 1 1993 (Chang et al.)
Technology
Management Science 2 1971 (Kohn)
Operations Research 2 1972 (Blumstein et al.) 1973 (Kohn)
Papers of the Regional Science 1 1974 (Werczberger)
Association
Socio-Economic Planning Sciences 4 1971 (Seinfeld and Kyan) 1978 (Guldmann)
The Energy Jouwrnal 1 1992 (Peck and Teisberg)
Water Resources Bulletin 1 1992 (Okada and Mikami)

“In 1974, this split into parts A and B (part B is planning and design, which has no mathematical programming models for environmental

quality control).



Table III
Journals Cited in this Survey for Water Quality Control

Journal Number Earliest Newest
Advances in Water Resources 1 1986 (Ahlfeld et al.)
Annals of Operations Research 1 1991 (Pinter)
ASCE Journal of Environmental 14 1977 (Grady) 1993 (Mhaisalkar et al.)
Engineering
ASCE Journal of Hydraulics 3 1974 (Aguado and Remson) 1976 (Futagami et al.)
ASCE Jourmnal of Sanitary Engineering 8 1966 (Goodman and Dobbins) 1971 (Bishop and Hendricks)
ASCE Journal of Water Resources 7 1986 (Tung) 1994 {Chan)
Planning and Management
Biotechnology and Biroengineering 1 1974 (Middleton and
Lawrence)
Canadian Operational Research Society 1 1968 (Clough and Bayer)
Journal
CRC Critical Reviews in Environmental 1 1977 (Tyteca et al)
Control
Ground Water 1 1974 (Remson et al)
IEEE Transactions on Systems Science 1 1970 (Dysart and Hines)
and Cybernetics
International Journal of Water Resource 1 1983 (Lohani and Lee)
Development
Journal of Environmental Economics and 2 1974 (Russell and Vaughan) 1976 {Herzog)
Management
Journal of the Water Pollution Control 12 1962 (Lynn et al.) 1976 (Middleton and
Federation® Lawrence)
Management Science 3 1967 (Loucks et al.) 1975 (Ecker)
Mathematical Programming 1 1990 (Gorelick)
Operations Research 3 1978 (Jarvis et al.) 1982 {Fiacco and Ghaemi)
Water Resources Bulletin 9 1970 (Keegan and Leeds) 1984 (Colarullo et al.)
Water Research 1 1971 (Fan et al.)
Water Resources Research 35 1967 (Johnson) 1993 {Whiffen and

Shoemaker)

“In 1989, this split into Water Environment & Technology and Research Journal of the Water Pollution Control Federation (also called

Warer Environmental Research).



Table II
Journals Cited in this Survey for Land Quality Control

Journal Number Earliest Newest
American Journal of Agricultural 3 1974 (Hueth and Regev) 1977 (Taylor and Frohberg)
Economics
Canadian Journal of Economics 1 1972 (Plourde)
Journal of Environmental Economics 1 1990 (Stavins)
and Management
Journal of Resource Management and 1 1993 (Chang et al.)
Technology

Journal of Soil and Water Conservation
Land Economics

Nartural Resources Journal
Transportation Science

1978 (Tavlor et al.)
1979 (Seitz et al.)
1970 (Edwards et al.)
1991 {ReVelle et al.)

[ S S —

Distribution of Publications

—rE— —

Adr Land - Water
LF MIP NLP DF Total LP MIP NLP DP Total LP MIF NLFP DP Total
1062-60 | 0 om0 1 0 0 0 0 0 13 2 4 3 2
197070 13 5 17 L] 35 7 3 2 0 12 24 7 21 12 %
1980-89 17 1 8 0 26 2 1 1 0 4 7 7 22 & 42
199 -4 8 1 17 il 26 7 2 5 0 14 5 3 8 10 26
Total 39 T 42 ( BB 16 i} K (0 30 49 19 55 £ 154

(LP = Linear Programming, MIP = Mixed Integer Programming, NLP = Nodlineir Programning, DP = Dinamic Programmmng)



Linear
Programming

Mixed Integer
Programming

Nonlinear
Programming

Dynamic
Programming

Linear
programming
“tends to be the
mathematical
programming
model of choice
when first
addressing a
problem with
many decision
variables and
relations.”
(Greenberg,
1995)

Used as "an
extension of LP
models, to
represent
capacity
expansion (e.g.
treatment
plants) or
location
decisions (e.g.
wells), and
combinatorial
optimization
problems (e.g.
finding routes
for complex
transport
problems)
(Greenberqg.

"Used to
improve a
model’s validity,
or accuracy.
One source of
nonlinearity is
the cost
function..and the
approximation of
the differential
equations that
describe
hydraulic and
aerodynamic
phenomena”
(Greenberg,
1995)

Solving
sequential
decision
problems... “"used
for
computational
efficiency when
the state space
can be defined
appropriately”.
Mostly used for
water quality
control.
(Greenberg,
1995)




Early Air Quality Models

Early Air Quality Models focused on the impact of emissions within
particular airsheds (or receptor points) while later models were
aggregate and dealt with global issues (e.j. greenhouse effect).

First Linear Program to control air pollution was developed in 1968
by Teller, which minimized cost with decision variables being tons of
each of two types of fuels used at different sources of which each
emits pollutants at known rates. Constraints limit the amount of
each pollutant emitted and require energy demand to be met.

This paper was then executed for the Environmental Protection
Agency in 1972 by Chilton et al. and also Gass.

Kohn applied welfare economics to air sheds in an LP model
developed for his PhD thesis in 1969. “He generates a set of
alternative air quality levels that have the same total cost. The
frontier tradeoff is compared to a social indifference curve, based on
qngegdic);al considerations, for the St. Louis airshed.” (Greenberg,
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Some Additional Air Quality Research

Blumstein, A., R.G. Cassidy, W.L. Gorr and A.S.
Walters. 1972. Optional Specifications of Air-
Pollution-Emission Regulations Including Reliability
Requirements. This LP incorporates reliability with
random breakdowns of pollution control devices.

Dinkger, J. J., G. B. KLEINDORFER, (5. A. KOCHENBERGER
anp 5. N. Wowna., 1976, Environmental Inspection
Routes and the Constrained Travelling Salesman Prob-
lem. Comput. and Opns. Res. 3(4), 269-283,

The problem is to find a route for an inspector to visit
plants and return home in the least time. It is a traveling
salesman problem with an added time constraint. The au-
thors discuss their experience with heuristics and with data
acquisition.

Batterman, S.A. 1989. Selection of Receptor Sites for
Optimized Acid Rain Control Strategies. ASCE J.
Environmental Engineering. 115(5), 1046-1058. Uses
LP to select sites for monitoring acid rain by deciding if
a receptor point is “inactive’ versus “influential”.



Air Quality Model

Sulfur Emissions Taxes and Coal Resources

Alan Schlottmann; Lawrence Abrams

The Review of Economics and Stavistics, Vol. 39, No. 1. (Feb., 1977, pp. 5(-55,
Determine the most efficient (minimum cost) network of coal extraction,

distribution and use for production in steam electric generating plants
while meeting sulfur emissions requirements.

Coal is burned which creates steam that runs through a turbine to
generate electricity

Motivation: “The four largest power regions in the U.S., East North
Central, South Atlantic, East South Central, and the Middle Atlantic — are
responsible for 86% of the coal used in electric generation”.

Clean Air Act of 1970, its requirements, and if they will be met.

Used 52 demand regions, 23 supply districts, 267 electric utility
companies with 744 plants, 2 types of coal (low sulfur and high sulfur)



Air Quality Model

minimize X; X; g 2 2o (Cipm + 1) Xijietm
+ D Byiam S gokom ) Xk
Zi 2 Zk Zm by Xjjiim = Gy for each [
f=1,...,52
G; = f(R, B, B, Dy(1))
Dy(e) = g(B, ¥, Dyt — 1))
21 Xijtim % Ko for each i, j, k, m

i=1...,23 j=1,2:
k=1,...,5 F¥ 1, 2

2 2 Zk Zm Sykim Xyam < 5 for each /

*]"-;.iﬁn'm = Oforallij k, [, m

Objective: Minimize Total Cost of
extraction, distribution, and sulfur tax
imposed. This includes the cost to extract
the coal times plus shipment costs, times
the tons of coal extracted, plus the tax
times the amount of coal extracted times
the energy value times the average
emitted sulfur per million Btu’s.

Meet demand at each market. The
demand at each demand region will be
met as it is greater than or equal to the

multiplication of the amount of coal

extracted that is delivered to each
demand region times its associated
energy value

Capacity constraint: the amount of
coal extracted cannot exceed the
physical capacity at each district .

Sulfur Emissions constraint: average
emitted sulfur per million Btu’s times the
amount of coal extracted is less than or
equal to the allowable sulfur that can be
emitted at each demand region



Conclusions of Paper

TaplE 1. — REciowar SEMENT: oF Higrn Svrrtre CoaL
WITH & SULFUR EmMissions Tax (millons of tons)

Sulfur Emisslons Tax (§/1b. )%

Fegloms . 0 A5 A0 15 A0
MNorthern Appalachia 6146 4678 39.3F afvi3¥ 16400
Central Appalachia 293 IBR 108 .67 O
Southern Appalachia 218 238 195  1.73 1.54
Tatal, Appalachis G677 6204 4340 4077 3853
AMidwest 12584 10583 7J2.06 S6.08 5537
Wiest ] 0 L ) 0

G3.90

United States 19261 1e7.B7 116.06 9685

* Except for the West (which only ships low sulfur coal), shipments for all
regions of high sulfur coal decreased as the tax rate was increased.

« At a tax rate of $0.15 per pound of emitted sulfur, the use of high sulfur
coal is reduced by 50%



Conclusions of Paper

Tanle 2 Tir ReGiorAr Errects oF 4 Surror Exnsstons
Tax ow Coarn ExtracTion (millions of tons)

Suller Embsions Tex (3/Th,}

Eegiom i ois A4 A5 Fia)

MNorthern .-".;:-1:-:IJ|:|:|'LH 165.7 151.3 142.0 12588 113.2
Central Appalachia 1221 1296 1293 1284 1265
Southern Appalachia 20.1 20.1 19.7 15.4 155
Total, .-"|.|:||:la]al."."|i:L 1079 agL.o 2010 76,6 2500

Mlud west 150.0 135.1 3.3 HibH T
West d4H.9 35.7 755 B35 o ]
United States MR 4018 45006 4430 4265

» Except for the West, total coal extraction (low and high sulfur) for all
other regions decreases as the tax is increased.

*In the Midwest, the switch to low sulfur coal, is not economically
efficient due to transportation cost disadvantages. However, the West
has an advantage over the transportation cost to ship low sulfur coal, so
total coal extracted increased.

» Specifically, Midwestern production fell by 56.7 million tons while the
Western shipments increased by 24.9 million tons.



Conclusions of Paper

Tasre 3, — Torar Evrects oF ™o Surrow
Emmsions Tax

Sultur Emissions Taz (3/10.)

Ll D5 i A5 20

Total emisions

(million tons) 11.41 10.02 .45 1458 6.65
Eenefits of abate-

ment (hilliona

of dollars) — 108 224 299 360
Increased oil

use (billions

of dollars) _— B3 201 243 3.40

Total steam coal
cosls (hillions
of dollars) 5.11 504 4.51 482 4.7

Kote: Comparisons al 1be al , imai
) : | i afermative emismions fox level .
tive fo ik no tax lewel ’ T

* Sulfur emissions decreased as the tax rate increases.

* For example, with a $0.20 tax rate, emissions are reduced by 42% to 6.65
million tons as compared to when a tax is not imposed.

* The cost to ship the coal slightly increases while overall shipments
decline.



Early Land Quality Models

- Used to model and understand the effects of, for

example, controls on pesticides and soil erosion, land
use, storage of crops and livestock growth.

First LP developed by Edwards, Langham and Headley
in 1970, applying welfare economics to the
agricultural sector in Dade County, Florida. "The

ecision variables are acres of land allocated to each
of several crops,” constraints include the level of
chemical treatment of each crop, and the “objective
is to maximize a net benefit function, which includes
damage caused by pesticide residues.”

- In 1977, Taylor and Frohberg applied a LP to the corn
belt (Midwestern U.S.) to analyze pollution controls
such as bans on herbicides, bans on insecticides, soil
erosion limits, nitrogen restriction, and soil erosion
taxes.



Some Additional Land Quality Research

RusserLr, C. 5., anDp W. J. VaucHan. 1974, A Linear Pro-
gramming Model of Residuals Management for Inte-
grated Iron and Steel Production. J. Enviren. Econ. and
Mgmr. 1, 17-42.

This applies the LP described by Russell (1971, 1973) to
consider how waste discharges from iron and steel produc-
tion into a stream or into the air are affected by effluent
taxes. Among their conclusions, they show that continuous
casting results in less water pollution, and an increase in the
price of scrap iron results in less scrap at steel mills, which
increases water pollution.

Wapg, J. C., anp E. O, Heapy. 1977, Controlling Nonpoint
Sediment Sources eith Cropland Management: A Na-
tional Economic Assessment. Am. J. Agric. Econ.
59(1), 13-24,

This is an LP concerned with adjustments in crop produc-
tion to achieve sediment quality goals.

SeiTz, W. D, C. R. TayLor, R. G. F. 5ritzg, C. OSTEEN
AanD M. C. NeLson. 1979, Economic Aspects of Soil
Erosion. Land Econ. 55(1), 28-42,

This uses an LP model whose objective is to maximize the
total producer and consumer surplus in the corn and soy-
bean market. The activities include land allocations to crops
having different characteristics for soil erosion. The basic
model is short term, but these authors also applied it to
analyze long-term effects.



Land Quality Models

Mathematical Programming Models for Environmental Quality Control

Harvey J. Greenberg R'Egiﬂ'ﬂs

Operations Research, Vol. 43, No. 4. (Jul. - Aug., 1995), pp. 578-622. [ = producers; j = markets;

*Generic land use model

that can be used to Classes

evaluate environmental k = methods of production (e.g., tilling);

. . . s = soils;

ImpaCt and soll erosion. h = chemicals (including pesticides and fertilizers);

p = products (crops and livestock commodities).

Based on collection of ol
papers by Heady and Xip allocates land in region i to make product p by
method &
Vocke (1 992) Distribution
T, transports product p from region / to market j.

Objective Function: Equations
minimize the cost to
produce and transport
each product

Cost
Z =23 ok \CX)iph Xipie + 255 (CTpi) T piis
(CX)yu = production cost, which could include taxes;
(CT),; = the transportation cost, which could include
taxes.



Land Quality Models

Land Use

Land use for each
producer: sum of all
products and all methods of
production for each.

Conservation of Flow:
ship all that produce

Meet Demand: shipments
must be greater than or
equal to demand at each
market.

Soil Damage: is equal to
that caused by each
producer to produce each
product.

Contamination level: is
equal to chemical used
times amount produced of
each product.

L,

Balance

—

Demand

2i Ty
pi
Damage

e sk

X L

bpﬂk

W

2i Ripp Xipp = 2; Ty = 0,
the rate of product p produced per acre in
region [ using method k.

d..
Py
the demand for product p in market j.

= lp,.e,k H‘rj.tk'ﬂlf.ixlpk;

the rate of soil damage when producing p
with soil class s;
1 if region { has soil class 5 (else, a,, = 0);

= l-p,k bphk -‘-'!fepk;

chemical A used by, or produced from,
method k to make p (b, < 0 if used, such
as a pesticide; b,,, = 0 if produced, such as
nitrogen in cow manure, which can then be
used as fertilizer for a crop).



Land Quality Models

J'-J. = available land in l::n[|:||;||,_|,|:|,__'-[' regLon i.
Available Land

D = soil loss limit,

Maximum Soil Loss
Permitted

C . = contamination level,

Maximum
contamination level
permitted



Early Water Quality Models

* First LP, Lynn, Logan, and Charnes in 1962 to
control wastewater treatment plant design and
minimize the cost of sewage treatment.

* |n 1964 Thomann and Sobel developed a LP to
control stream pollution.

Dy End
I reach i
- — Downstream
Begin - Begin
reach i Ty reach i+1

Figure 1. Flows in a stream.



Some Additional Water Quality Research

Lieeman, J. C. 1968, A Branch-and-Bound Algorithm for
Minimizing the Costs of Waste Treatment, Subject to

Equity Constraints. Number 10 in IBM, 193-202.
Allowed pollution to flow upstream as well as downstream

Acuapo, E., I. REmson, M. F. PiIkuL anp W. A. THOMAS.

1974. Optimal Pumping for Aquifer Dewatering. ASCE
J. Hyvdraul. 100(7), 869-877.
Using a finite difference approximation of the Streeter—
Phelps equations, this is an LP to determine the number of
wells, their locations and pumping rates to minimize cost.

CorerLick, 5. M., [. Revmson anp R, W. Corrie. 1979,
Management Model of a Groundwater System With a
Transient Pollutant Source. Water Resour. Res. 15(5),
1243-1249,

The model is a linear program, and the paper uses para-
metric programming to show how this applies to such ques-
tions as: What river concentration would be permitted if the
most restrictive local groundwater quality limit were re-
moved?

Hupak, P. F., anp H. A. Loaicica. 1993, An Optimization
Method for Momitoring Network Design in Multilayvered

Groundwater Flow Systems. Warter Resour. Res. 29(8),
2835-2845.

The problem is to locate wells for monitoring groundwater
quality in a region that contains a contaminant. A network is
defined by discretizing the region, calling each location a
node.



Water Quality Models

Linear Programming Models for Water Pollution Control
Daniel P. Loucks; Charles 5. Revelle: Walter R. Lynn
Management Science, Vol. 14, No. 4, Apphication Senes. (Dec., 1967), pp. B166-B15s1.
“Model presented can be used to determine the minimum total cost of

any particular dissolved oxygen control policy in a river basin”.

*Organic material is a large portion of the waste released into a stream,
which organisms feed on.

“Dissolved oxygen contained in the stream is withdrawn by these
organisms in the process of utilizing these wastes”. Thus, waste
concentration is measured by its biochemical oxygen demand (BOD).

*“Fish and other aquatic animals and plants require certain minimum
concentrations of dissolved oxygen if they are to survive in the stream”.

*Thus a certain level of organics must be removed to ensure a minimum
allowable dissolved oxygen concentration in each section (or reach) of
the stream.



Model

r = Reach number
O Wostewater treatment facility
Fraure 3. Hypothetical river bagin

MINIMIZE 2, (¥, — C.BW,).

08, = Q% + QOT, + OW, .

Total cost of wastewater treatment: cost
of removing all pollutants less those

pollutants that need not be removed

Total flow at each reach point is the sum
of flow from previous reach, the entering

tributary flow and wastewater inflow.



Model

Waste concentration (as measured by
BE._ )8, + BT.QT. + BEW.QW biochemical oxygen demand) at beginning
BB, = — o : e of each reach point is the sum of BOD
Q8. P
concentration from previous period, in the
tributary, and in the wastewater, times their
respective flows, divided by the total flow.

R = !:"r'_f_r_ 1'!;."":!::_}__:|‘ _‘:'Tr_@'rr_f "-?E' rqﬁ': Dissolved oxygen concentration at
r (), | beginning of each reach point is the sum of
the concentrations from previous period,
tributary, and wastewater, divided by the
total flow.

Dissolved oxygen deficit at beginning of each reach is
the difference between the saturation concentration and
T
nﬂr = 5, — If-,"_.ri,. . the initial dissolved oxygen concentration

Waste concentration (as measured by
biochemical oxygen demand) at the

H..I':-',- — ]".-H.H-.- + e . end of each reach point

L;'.I"'.'r — -I:I:r-UHr _| ";r.-ﬁﬂ. + Pr . Dissolved oxygen deficit at the

end of each reach



Model

Dissolved oxygen concentration at the

i J[-'-Ir — f_.l.-.l'llr;.- — [ -IF'-l'-r ) end of each reach

Dissolved oxygen deficit constrained to
be less than or equal to the maximum

D<= D™ forvarionst:-0 <1 < T allowable deficit for each point, t, along
rt w L1 - B the reach.
- BOD concentration that can exist at the
- b
H-'r-"!r = Jr [-'ll-JH Fh= beginning of each reach can not violate

the standard is a function of the initial
dissolved oxygen deficit.

Dissolved oxygen standard in which the
_E_E':._ = g T I;I!I-.-.LIH N BOD concentration that can exist at the
beginning of each reach must be less
than or equal to the maximum allowable
BOD concentration.

= - FITIAE No more than the total amount of BOD
[l' - 'EH' ¥ E EH LB available for release can be released
into any reach.



Conclusions of Paper

Flow diagram
n"..-'

re3
P

— = Dissolved oxygen, mg/

s bfin. al lowable
dissolved oxygan, mg/|

Figuri 5. Dussolved oxygen profile for minimum cost solution




Conclusions of Paper

*“Model presented can be used to determine the minimum total
cost associated with any particular set of minimum allowable
dissolved oxygen concentrations in a river basin”.

*“Model can be used to determine the sensitivity of both the cost
and the actual minimum dissolved oxygen concentrations in
each reach to changes in the minimum allowable concentration
in any particular reach”.

*“A change in the minimum allowable concentration in a single
reach may or may not affect the oxygen profile in every other
reach”.

*A reach may be critical, in which the dissolved oxygen
concentration will affect the total cost.
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