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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 
(Greenberg, 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 effects), 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 
forestland”), 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). 









Solving 
sequential 
decision 

problems… “used 
for 

computational 
efficiency when 
the state space 
can be defined 
appropriately”.  
Mostly used for 
water quality 

control. 
(Greenberg, 

1995)

“Used to 
improve a 

model’s validity, 
or accuracy.  
One source of 
nonlinearity is 

the cost 
function…and the 
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the differential 
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1995)
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extension of LP 

models, to 
represent 
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expansion (e.g. 
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plants) or 
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transport 
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(Greenberg, 
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(Greenberg, 

1995)
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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 
medical considerations, for the St. Louis airshed.” (Greenberg, 
1995)



Some Additional Air Quality Research

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”.

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.



Air Quality Model

• 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

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

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 



Conclusions of Paper

• 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

• 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

• 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 
decision 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



Land Quality Models

•Generic land use model 
that can be used to 
evaluate environmental 
impact and soil erosion.

•Based on collection of 
papers by Heady and 
Vocke (1992). 

Objective Function:  
minimize the cost to 

produce and transport 
each product 



Land Quality Models

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.

Land use for each 
producer:  sum of all 

products and all methods of 
production for each.

Contamination level:  is 
equal to chemical used 

times amount produced of 
each product.



Land Quality Models

Available Land

Maximum Soil Loss 
Permitted

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.

• In 1964 Thomann and Sobel developed a LP to 
control stream pollution.



Some Additional Water Quality Research

Allowed pollution to flow upstream as well as downstream



Water Quality Models

“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

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

Dissolved oxygen deficit at beginning of each reach is 
the difference between the saturation concentration and 

the initial dissolved oxygen concentration

Dissolved oxygen deficit at the 
end of each reach

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

end of each reach point

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

of each reach point is the sum of BOD 
concentration from previous period, in the 

tributary, and in the wastewater, times their 
respective flows, divided by the total flow.

Dissolved oxygen concentration at 
beginning of each reach point is the sum of 

the concentrations from previous period, 
tributary, and wastewater, divided by the 

total flow.



Model

BOD concentration that can exist at the 
beginning of each reach can not violate 
the standard is a function of the initial 

dissolved oxygen deficit.

Dissolved oxygen standard in which the 
BOD concentration that can exist at the 
beginning of each reach must be less 

than or equal to the maximum allowable 
BOD concentration. 

No more than the total amount of BOD 
available for release can be released 

into any reach.

Dissolved oxygen concentration at the 
end of each reach

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

allowable deficit for each point, t, along 
the reach.



Conclusions of Paper



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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