
7. putting it all
together

Now that a model has been created, solved, and assessed, the time comes to write everything up as a polished 
solution paper. This step is just as important as the effort necessary to get to this point. Keep in mind that you are 
the expert about the problem, and now your role is to explain what you did in detail to people unfamiliar with your 
solution approach. To this end, it is critical that you take good notes from the initial brainstorming process through 
the final analysis to be sure you have kept track of all the assumptions you made. Good writing also takes time, so be 
sure to allocate a period of time to step back from the math modeling and focus on quality writing. In this section we 
discuss how to structure your report and some key points for successful technical writing.

This step is just as important as the effort 
necessary to get to this point. Keep in mind 
that you are the expert about the problem.
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structure

coasters, but it does give the reader an idea of what 
will be showing up later in the document. It may seem 
counterintuitive, but the introduction and abstract are 
typically written last. This is because, after all else has 
been written, the author has a complete picture of the 
manuscript and may then best tailor these sections 
accordingly.
	 The body of the solution paper will likely be several 
pages long and split up into sections about assumptions, 
variables, the model, the solution process, analysis, 
and overall conclusions. Let the reader know about 
the overarching assumptions you made to make the 
problem solvable. Some specific assumptions may need 
to be included again later, within the paper’s main text, 
in order to clarify certain ideas as they are developed. 
However, the most important message here is that all 
assumptions are included and listed at some point in 
your write-up. You should be sure to justify why those 
assumptions are reasonable and include citations as 
needed. Plagiarism of any kind is never acceptable.
	 When you next begin to describe your model 
and how you solved it, clearly state the variables you 
will be using and the corresponding units. If there are 
relationships between variables, explain where the come 
from and, if needed, refer to any necessary assumptions. 
Mathematical equations and formulas should be 
centered, each occuring on their own line. We provide 
some more specific details on this in the following 
section.
	 Finally, the paper must have a conclusion section 
that recaps the important features of the model. It 
is critical that this section includes an analysis of 
your results, as described in the previous section. An 
honest assessment of the strengths and weaknesses is 
important. In particular, you can comment on how the 
model can be verified and how sensitive the model is to 
the assumptions. We proceed by giving some tips about 
technical writing.

A technical report typically starts with a summary page, 
also called an executive summary or an abstract, that is 
of one page or shorter. This is not an introduction; it’s 
actually a place to summarize how the problem was 
solved and to provide a brief description of the results. 
It might seem strange to put the conclusion at the 
beginning, but this “bottom-line up front” approach is 
convenient for those reading your report.
	 The abstract or summary page should restate the 
problem, briefly describe the chosen solution methods, 
and provide the final results and conclusions. You 
should describe your results in complete sentences 
that can stand on its own, without using variables. 
The summary lets the reader know what to expect in 
the report but does not overwhelm him or her with 
unfamiliar mathematical notation. Imagine that a reader 
will decide whether to continue reading the rest of your 
paper itself based on this abstract. As an example, see 
the solution to the recycling problem.
	 After the summary, the paper should include a 
formal introduction that includes a restatement of the 
underlying real-world application as if the reader does 
not have any prior knowledge. This section usually 
contains some motivation or relevant background 
information as well but should not include a lengthy 
history lesson. Both the general modeling question 
as well as the concise problem statement that you 
developed should be at the forefront of this section. 
This section must provide a paragraph that describes 
how you approached the problem. For example, if we 
consider the task of ranking roller coasters based on 
how thrilling they are, then it would help to define 
“thrilling” up front. For example, “Our model is based 
on the notion that rides with high accelerations, 
inversions, and significant heights are thrilling.” 
Note that this statement doesn’t exactly explain how 
those features are quantified or implemented for 
a mathematical ranking system for thrilling roller 

41



It is critical that the narrative of your solution doesn’t read like a story about how you came up with your model.  
For example, consider the following two excerpts about an assumption made for the recycling model.

Example 1:  
A study of drop-off recycling par-
ticipation in Ohio found that 15.5% 
of citizens who do not have access 
to curbside recycling use drop-off 
recycling [8]. We have assumed that 
this data is representative of the U.S.

TECHNICAL WRITING DOS 
& don’ts

Which of the following is more effective?

Example 1:  
For an ideal gas, we have

where P is the absolute pressure of 
the gas, V is the volume of the gas, 
n is the amount of substance of gas 
(measured in moles), T is the abso-
lute temperature of the gas, and R is 
the ideal, or universal, gas constant.

Example 2:  
We were stuck because we did not 
know how many people in the U.S. 
recycle. We googled and found an 
article that Ohio’s participation in 
drop-off recycling was 15.5% for 
people who did not have access to 
curbside recycling, so we used that 
number in our model.

The second example is written in 
a way that makes the assumption 
sound invalid or that it was chosen 
only because no other informa-
tion could be found. However, the 
first one sounds as though some 
research was done and a useful 
and legitimate source was identi-
fied, which provided an applicable 
statistic.

Example 2:  
For an ideal gas, the absolute  
pressure is directly proportional to 
the product of the number of moles 
of the gas and the absolute tempera-
ture of the gas and inversely pro-
portional to the volume of the gas, 
with proportionality constant R, the 
ideal, or universal, gas constant.

1. Do not write a book report.

2. Do not use words when using mathematics would be more appropriate. 

P = nRT
V

,

7: putting it all together

In this case, the mathematics is 
easier to follow, and you can  
imagine that the more complicated 
the calculations, the harder it would 
be to try to describe in words.
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Communicating mathematics requires proper punctuation, such as periods at the end of a computation if the  
computation ends the sentence, as in Example 1 below. Use commas when appropriate.

Example 1:  
If s is the length of the side of the square box, then the 
area of a side is given by

A = s2, 

and the volume is given by

V = s3.

3. do use proper sentence structure when explaining mathematics.

4. do NOT substitute mathematical symbols for words within sentences, as in the 

second of the following two examples.

5. do pay attention to significant figures.

Example 2:  
If s is the length of the side of a square box then we can 
find the area and volume.

A = s2 

V = s3

Example 1:  
For this work L is the length of the side of a rectangle. 

Example 2:  
For this work L = the length of the side of the rectangle.

For example, your calculator might read a value of 27.3416927482, but you may not need to report all of those digits 
unless you are trying to show accuracy in the later decimal places.

6. do use scientific notation when numbers vary by orders of magnitude,

meaning that the exponent is really what matters in understanding the significance of the value. For example, the  
diameter of the sun is 1.391e6 km, while the diameter of a baseball is 2.290e−4 km.
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in summary

Take notes throughout your entire modeling process so that you do not leave out anything 

important, especially assumptions made along the way.

Give yourself enough time to focus on the writing process and to proofread the report.

Keep in mind that this is a technical document, not a story about your modeling experience.

Follow the guidelines for technical writing.

Some additional references on technical writing can be found at [3].

Pat yourself on the back for your accomplishments.

7. Do label figures 
and use a large enough font so that the axes are  
clearly readable.

8. Do not forget to include units as  

appropriate.

9. Do check carefully for spelling and 

grammar mistakes, 
especially those that spell check might miss. For  
example, it’s easy to confuse their, there, and they’re.

10. Do give credit where credit is due. 
This means including citations and building your  
bibliography as you go.

Technical writing takes practice, but the end result 
should be something of which to be extremely proud. In 
reviewing your final paper, you can step back and look 
at all you have accomplished throughout the modeling 
process. Ultimately your model can lead to the creation 
of new knowledge and provide deeper insight about the 
world we live in. Remember that modeling also takes 
practice so the next time you tackle an open-ended 
problem you will already have a new set of tools that 
will make the entire experience go more smoothly.

7: putting it all together

1

2

3

4

5

6
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Waste Not, Want Not: Putting Recyclables in Their Place 
Plastics are embedded in a myriad of modern-day products, from pens, cell phones, and storage containers to 
car parts, artificial limbs, and medical instruments; unfortunately, there are long-term costs associated with these 
advances. Plastics do not biodegrade easily. There is a region of the Northern Pacific Ocean, estimated to be 
roughly the size of Texas, where plastics collect to form an island and cause serious environmental impact. While 
this is an international problem, in the U.S. we also worry about plastics that end up in landfills and may stay 
there for hundreds of years. To gain some perspective on the severity of the problem, the first plastic bottle was 
introduced in 1975 and now, according to some sources, roughly 50 million plastic water bottles end up in U.S. 
landfills every day.

The United States Environmental Protection Agency (EPA) has asked your team to use mathematical modeling to 
investigate this problem.

How big is the problem? Create a model for the amount of plastic that ends up in landfills in the United States.  
Predict the production rate of plastic waste over time and predict the amount of plastic waste present in landfills 
10 years from today.

Making the right choice on a local scale. Plastics aren’t the only problem. So many of the materials we 
dispose of can be recycled.  Develop a mathematical model that a city can use to determine which recycling 
methods it should adopt. You may consider, but are not limited to: 

•	 providing locations where one can drop off pre-sorted recyclables

•	 providing single-stream curbside recycling

•	 providing single-stream curbside recycling in addition to having residents pay for each container of garbage 
collected  

Your model should be developed independent of current recycling practices in the city and should include some 
information about the city of interest and some information about the recycling method.  Demonstrate how your 
model works by applying it to each of the following cities:  Fargo, North Dakota; Price, Utah; Wichita, Kansas.

How does this extend to the national scale?  Now that you have applied your model to cities of varying 
sizes and geographic locations, consider ways that your model can inform the EPA about the feasibility of recycling 
guidelines and/or standards to govern all states and townships in the U.S.  What recommendations does your 
model support? Cite any data used to support your conclusions.

Submit your findings in the form of a report for the EPA.  

The following references may help you get started: 
http://www.epa.gov/epawaste/nonhaz/municipal/index.htm 
http://5gyres.org/what_is_the_issue/the_problem/
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Analysis of Plastic Waste Production and Recycling Methods 
 

EXECUTIVE SUMMARY 
 In 2010 alone, the U.S. generated approximately 250 million tons of trash [1]. Much of 
this waste consisted of plastics, which build up in landfills and flow into oceans through storm 
drains and watersheds [2], breaking up into little pieces and absorbing contaminants in the 
process. A major method to reduce waste is recycling, where materials like glass, paper, and 
plastic are reformed to create new products. There are many different methods of collection of 
recyclable materials, including drop-off centers, where citizens transport their recyclables; single 
stream curbside collection, where the city collects the recyclables of each household; and dual 
stream curbside collection, where the city collects recyclables that are pre-sorted by each 
household. To encourage or subsidize recycling programs, some cities may implement a Pay-As-
You-Throw (PAYT) program, where citizens pay a fee based on the amount of garbage they 
throw away. 
     The EPA tasked us to analyze the production and discard rate of plastic waste over time. 
We were also asked to create a model of possible methods for recycling collection to determine 
which methods are appropriate for what cities. Using a linear regression model over years passed 
since 2000, we estimated that 35.1 million tons of plastic waste will be discarded in 2023. We 
also modeled the use of drop-off centers, single stream curbside collection, and dual stream 
curbside collection to calculate the total amount of recyclables collected as well as the cost to the 
city using each recycling method. 
     For collection using drop-off centers, we developed a simulation that randomly 
simulated the number of households who would recycle when drop-off centers were placed 
around the city. The simulation took into account the area, population, average household, 
maximum distance citizens are willing to travel, and number of drop-off centers. Using these 
data, we calculated the amount recycled and then calculated the net cost to the city by subtracting 
operating costs of Material Recovery Facilities (MRFs) from revenue generated by selling 
recycled products. 
     For curbside collection, we calculated the number of trucks needed to service a given 
city, based on population density. Based on labor, upkeep, and fuel, we calculated the costs of a 
curbside collection program. Again, using the calculated amount of collected material, we 
determined the net revenue generated by these products. 
     We determined that by using a drop-off center method, Fargo and Wichita would 
generate profits, while Price would incur costs that could be partially covered by using Pay-As-
You-Throw. Using a curbside collection method, Fargo and Price would incur costs that could be 
partially covered by Pay-As-You-Throw, while Wichita would generate profits using either 
single or dual stream collection. Thus, either drop-off or curbside collection methods may be 
feasibly implemented in cities around the U.S., depending on population and area of each city. 
We concluded that small cities tend to incur net costs from recycling programs, while larger 
cities like Wichita may profit from using a dual stream curbside collection program. 

    To assess use of recycling programs on a national level, we programmed a computer 
simulation generating an image of all the counties of the U.S., where blue dots on the U.S. map 
represented counties where at least one of our three proposed recycling programs earned a net 
profit. In general, we recommend that the EPA extend recycling program guidelines to the 
national level. 
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I. INTRODUCTION 
1. Background 
 Each year, the U.S. consumes billions of bags and bottles. However, of the plastics that 
the U.S. produces, only 5% is recovered [2]. Unrecycled plastics present a growing hazard 
because they contain dangerous chemicals like polycarbonate, polystyrene, PETE, LDPE, 
HDPE, and polypropylene, which accumulate over time and build up in our oceans and landfills. 
As such, it is important to assess the scale of our plastic waste production problem over time.  

Our foremost method of reducing wastes like plastics is through recycling, where useful 
materials including glass, plastic, paper, and metals are recovered so that they may be used to 
create new products [3]. There exist several methods of recycling collection; in general, cities 
may use either use drop-off centers or curbside collection. With drop-off centers, the residents 
carry the burden of transporting their recyclable waste, while curbside collection places this 
burden on the city. If a city implements curbside collection, it may choose to use single stream, 
dual stream, or pre-sorted methods; in single stream, all recyclables are collected as one unit, 
whereas in dual stream, recyclables are separated into paper and glass, cans, and plastic [4]. 
Further separation exists with the pre-sorted collection method, where recyclables are fully 
separated by material type [5]. There are advantages and disadvantages associated with each 
method of collection, and in choosing the type of recycling program to implement, cities must 
consider, among other factors, the practicality of individual household collection, as well as the 
volume of recyclables that would be collected using each program [6]. Some communities may 
use Pay-As-You-Throw (PAYT) programs, which encourage residents to recycle their waste so 
as to avoid fees dependent on the weight of their trash [7]. We assess in this analysis whether it is 
more efficient to use drop-off centers or curbside collection, depending on the city where the 
recycling program is being implemented, as well as the effect of using PAYT programs to 
generate additional revenue for the city. 
 
2. Restatement of the Problem 
 In this analysis, we were requested by the EPA to create a model to predict the change in 
plastic production rate over time, as well as the amount of plastic waste in landfills in the year 
2023. We were further asked to look at various recycling methods, not limited to the recycling of 
plastics, and to analyze the recycling method a city should develop, using as sample points the 
cities of Fargo, North Dakota; Price, Utah; and Wichita, Kansas. Finally, the EPA requested that 
we provide recommendations for developing recycling methods on the national level based on 
the model we designed.  
 
3. Global Assumptions 
 Throughout our analysis, we will make the following assumptions: 

1 A city’s population is approximately evenly distributed. Population mostly varies on a 
large scale: in the small microcosm of a city, the population density will not vary much. 

2 A city’s shape is approximately square. Most cities are shaped like this, as are the three 
sample cities we were provided with. 

3 A city’s roads are laid out in a grid plan. The popularity of the grid plan is pervasive, 
dating back to Ancient Rome, and most cities are organized as such, like our three sample 
cities. [8, 9, 10]. 
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4 A household’s recycling stance is consistent. That is, a household that recycles always 
recycles, and a household that does not will never recycle. Recycling is a habit, and 
households that recycle tend to recycle consistently. 

 
II. ANALYSIS OF THE PROBLEM AND THE MODEL 
 
1. Plastic Waste Production 
Assumptions 

1 We used data collected from the past ten years because the first plastic bottle was 
introduced in 1975 [11], and recycling has only become important recently. In other 
words, values used before 2000 would not adequately take into account the recycling 
methods which have now become widespread. 

 
Approach 
 We created our model by performing linear and logistic regressions on the amount of 
plastic waste discarded per year for the last decade in thousands of tons as provided by the EPA 
[1].  
 
Model 

 
Discarded Plastic Waste (thousands of tons) = 463.27 * (years since 2000) + 24443.6 
R2 = .803; S = 801 
 
 The R2 value of .803 means that 80.3% of the variability in the amount of plastic waste 
discarded is explained by the linear relationship between years passed since 2000 and plastic 
waste amount. The standard deviation of the residuals was 801. 
 Based on this model, the amount of unrecycled plastic waste discarded in 2023 will be 
463.27 * 23 + 24443.6 = 35098.81 thousands of tons, or 35.1 million tons. 
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Discarded Plastic Waste (thousands of tons) = 23733.8 + (28014.1 - 23733.8) / (1 + 
     exp((Years since 2000 - 2.71325) / -0.752611)) 
S = 422 
 
 The previously mentioned R2 value only makes sense under the assumption that the linear 
model was appropriate. Since there is a prominent bend in the data, we fit them with a logistic 
curve as well. A statistical software found the four parameters using a successive approximation 
method, and produced the model above. 
 The standard deviation of the residuals in this model is only 422, which is almost twice as 
small as it was in the linear model. Unfortunately, this model assumes that the tonnage of 
discarded plastic waste will level off, which is not entirely reasonable. It does, however, give a 
best-case result (e.g. if recycling initiatives work perfectly). The projected value of discarded 
waste for 2023 is 28014.1 thousand tons (within 4 decimal places), which is the maximal value 
according to the model. 
 In summary, the linear model (which seems to overpredict the later values) yields a value 
of 35.1 million tons, while the logistic model (which levels off) predicts that it will level off at 
28.0 million tons. The US population has been increasing linearly since 2000 [12], so the linear 
model gives a more plausible value for the next ten years. 
 
2. Recycling Methods 
Assumptions 

1 City shape can be approximated as a square or diamond. Most cities in the U.S. are 
square-like in shape, including Fargo, North Dakota, Price, Utah, and Wichita, Kansas.  

2 The streets of the city are laid out in a grid. Many large cities have streets following a 
grid, including Fargo, North Dakota; Price, Utah; and Wichita, Kansas all use grid 
systems  

3 There is no overlap between use of drop-off centers and curbside collection. 
4 The composition of recyclables in the MSW stream is fixed over the entire planning 

horizon. 
 
Model 1: Drop-off Centers 
Approach 
Assumptions 
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1 Each household makes a collective decision on whether or not to recycle because it is 
convenient for a household to transport all of their recyclables to a drop-off center 
together. 

2 The probability of a household’s deciding to recycle varies linearly with the household’s 
distance to the nearest drop-off center. 

3 Recycling households recycle all recyclable waste. 
 

To assess the amount of recyclables collected by a recycling program dependent on drop-
off centers, we created a computer simulation where we assumed uniform population density and 
where we place equally spread drop-off centers around the city, as many as would fit without 
overlapping coverage. To determine whether each household would recycle, a random number 
from 0 to 1 is generated, and if the number is less than the household’s probability of recycling, 
which we assumed varies linearly with the household’s distance to the nearest drop-off center, 
the household recycles. We also determined the cost of maintaining each recycling center and the 
revenue the center would generate, and used these data to calculate the total cost to the city of the 
drop-off center program. In our simulation, we accepted as inputs the area of the city, population 
of the city, average number of people in a household, maximum distance citizens are willing to 
travel, and number of drop-off centers. 
 
Taxicab Distance 
 Because streets are assumed to be organized in a grid, we calculate distance as “taxicab 
distance”, or distance in which the only path allowed consists of horizontal and vertical lines. In 
other words, given px and py as the coordinates of the drop-off center, and x and y as the 
coordinates of the household, the distance between them, d, can be calculated as: 
 
 d = |y - py| + |x - px| 
 
A Household’s Maximum Distance to a Drop-off Center 
Assumption 

1 Recycling households make biweekly trips to a drop-off center. 
 

We recommend that cities conduct a survey to determine the distance their citizens are 
willing to travel in order to recycle, though we calculated this distance in our model. U.S. 
citizens are willing for their household to pay $2.29 a month for curbside collection [13]. Since 
this is the amount that they are willing to pay to recycle at greatest convenience, we can assume 
that it is equivalent to the maximum amount they are willing to pay as the driving cost to a drop-
off center. 
  

The average price of a gallon of gas is $3.784 [14] and the average mileage of a passenger 
car in 2010 was 23.8 mpg [15]. The cost of traveling a distance d is: 

 
Cost = ($3.784/gallon) * d / (23.8 miles/gallon) 
 

 The distance citizens are willing to travel each week is:  
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($2.29 dollars/month) / (4.35 weeks/month) = $0.53 dollars/week = ($3.784/gallon) * (d 
miles/week) / (23.8 miles/gallon) 
d miles/week = ($0.53 dollars/week) * (23.8 miles/gallon) / ($3.784 dollars/gallon) = 
3.33 miles/week 
 
Since citizens must drive to the drop-off center and back, the maximum distance driven 

to the drop-off center is 1.665 miles/week. Assuming that households make biweekly recycling 
trips, the maximum distance from a household to a drop-off center for the household to consider 
recycling is 1.665 miles/week * 2 weeks = 3.33 miles. 

 
A study of drop-off recycling participation in Ohio supports our model, finding that the 

functional usage area of a full-time urban drop-off center is about 3.5 miles [16]. 
 
Number of Recycling Households Covered by a Drop-off Center 
Assumption 

1 The available data from Ohio are representative of the U.S. as a whole. 
 

Each drop-off center will receive recyclables from households up to 3.33 miles away. Using 
taxicab distance, which only allows horizontal and vertical movement, the area within 3.33 miles 
is bounded by a diamond (a square rotated 45°). The diagonal of the diamond is twice the 
distance from the center to a corner, or 2 * 3.33 miles = 6.66 miles. Since the diamond is a 
square, diagonal length = square root(2) * side length, so the side length is 4.71 miles. The area 
of the diamond is side length ^ 2 = 22.18 sq. mi. This is the coverage area of the drop-off center, 
which contains all the households that will consider using the drop-off center. 

 
The number of households in the drop-off center’s coverage area is: 
 
Households = 22.18 sq. mi * (population / land area) / (average household size) 
 
A study of drop-off recycling participation in Ohio found that 15.5% of citizens who do 

not have access to curbside recycling use drop-off recycling [16]. Assuming that this data is 
representative of the U.S. as a whole, the number of recycling households covered by each drop-
off center is: 

 
Recycling households = 22.18 sq. mi * (population / land area) / (average household 

size) * .155 
 
In our simulation, we assigned 15.5% as the median household probability of recycling. 

The closer a household is to the drop-off center, the more likely it is to recycle. Within the drop-
off center coverage area, the closer half of households has a greater than 15.5% recycling 
probability and the farther away half of households has a less than 15.5% recycling probability. 
The distance from the center to the boundary of the closer half of households is the diagonal of 
the square with half the area of the entire coverage area, which is: 

 
Halfway distance = square root(22.18 sq. mi. / 2) * square root(2) = 4.71 miles 
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We assumed that the probability of a household recycling varies linearly with the 
distance to the nearest recycling center. At a distance of 4.71 miles, the probability is 15.5%. At 
the boundary distance of 6.66 miles, the probability is 0%. Extending the line through these 
points, at the center, with a distance of 0 miles, the probability is 52.9%. In our simulation, the 
number of recycling households covered by each drop-off center is approximately the same as 
that calculated using the formula previously given. 

 
Drop-off Center Placement 

In our simulation, we placed as many drop-off centers as possible in each city so that 
none of the coverage areas overlap, with at least one drop-off center in each city. The cost 
efficiency of drop-off centers decreases when their coverage areas overlap. 
 
Annual Amount Recycled 
 The average American generates 4.5 pounds of waste per day [17], about 75% of which 
is recyclable [18]. Thus, the average American generates 4.5 pounds * 0.75 = 3.375 pounds of 
recyclable waste per day. 
 
 Annual Amount Recycled (tons) = (recycling households) * (average household size) * 
3.375 lb * 365 days/year * 0.005 lb/ton * (# drop-off centers) 
 
 This formula can be used in place of our simulation to calculate annual amount recycled, 
as long as there is no overlap between drop-off center coverage areas and the drop-off center 
coverage area is entirely contained within the city. For example, because the drop-off center 
coverage area (22.18 sq. mi.) is much larger than the area of Price, Utah (4.2 sq. mi.), this 
formula cannot be used in place of our simulation for Price, Utah. 
 Using our simulation, we were able to calculate the annual amount recycled for Fargo, 
North Dakota; Price, Utah; and Wichita, Kansas, as well as to visualize the households 
contributing recyclables to each city. In the screenshots below, the white dots represent the drop-
off centers; the green dots represent households that are recycling; and the red dots represent 
households that are not recycling. 
 
Fargo, North Dakota 
Annual Amount Recycled (tons) = 5209.66 
Number of people recycling= 8458 
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Land Area = 48.82 sq. mi. 
Population = 105,549 people 
Average household size = 2.15 people 
 
Price, Utah 
Annual Amount Recycled (tons) = 1876.88 
Number of people who recycle = 3047 
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Land Area = 4.2 sq. mi. 
Population = 8,402 people 
Average household size = 2.60 people 
 
Wichita, Kansas 
Annual Amount Recycled (tons) = 16929.56 
Number of people who recycle = 27486 
 

 
 
Land Area = 159.29 sq. mi. 
Population = 382,368 people 
Average household size = 2.48 people 
 
Drop-off Center Cost 

A report by design engineering company R.W. Beck, Inc. recommends front load 
dumpsters as the most cost-effective type of drop-off center. Under this plan, front load 
dumpsters would be set up at each drop-off center site and recyclables would be collected in two 
streams, commingled containers and paper. The annual cost of a front load dumpster site is about 
$5,575 per year [19]. Thus, the total annual cost of drop-off centers is: 

 
Annual cost of drop-off centers = $5,575 * (# drop-off centers) 

 
Revenue Generated 
 To calculate the total revenue per ton generated from selling recycled products, we used 
the following formula, taking into account the market price per ton for each product [20, 21, 22, 
23, 24, 25, 26, 27]: 
 

Revenue per ton = RevenuePaper + RevenueGlass + RevenueFerrous Metals + RevenueAluminum + 
RevenuePlastic + RevenueTextiles + RevenueWood = (.7012*$112.82) + (.0492*$13) + 
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(.1131*$217.75) + (.0107*$310) + (.0401*$370) + (.031*$100) + (.0362*$296) 
+($135*.0180) = $128.78 per ton of recycled material 

 

 [1] 
 
 Based on a study conducted on recycling collection and processing options in New 
Hampshire [28], cities can decide between small, medium, and large Materials Recovery 
Facilities (MRFs) depending on the annual tonnage. The cost per ton using dual stream and cost 
per ton using single stream varies depending on the size of the MRF. For drop-off centers, we are 
assuming that dual stream is used. 
 
Fargo, North Dakota 

We calculated that Fargo would collect 5,209.66 tons of recyclables. This suggests that a 
medium tonnage mini MRF, which has an annual tonnage of 5,283, is sufficient for the city. The 
cost per ton of a medium mini MRF using dual stream is $124.62. Since the material revenue per 
ton was previously found to be $128.78, we can calculate the net cost per ton as:  

 
Net cost = $124.62 - $128.78 = -$4.16 
 
The total cost to the city can then be calculated as: 
 
Total cost = -$4.16 per ton * 5,209.66 tons + $5,575 per drop-off container * 1 container 
= -$16,097.19 (profit) 

 
Price, Utah 

We calculated that Price would collect 1876.88 tons of recyclables. Price would use a low 
tonnage mini MRF, and the net cost per ton would also be $89.69. Then, the total cost to the city 
is: 

 
Total cost = $89.69 per ton * 1876.88 tons + $5,575 per drop-off container * 1 container 
= $173,912.37 

 
Wichita, Kansas 
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We calculated that Wichita would collect 16,929.56 tons of recyclables, suggesting that 
Wichita would require a high tonnage mini MRF, which has an annual tonnage of around 7,500. 
For a high tonnage mini MRF, the cost per ton for dual stream is $95.40. Since the material 
revenue is $128.78 per ton, the net cost per ton is: 

 
Net cost = $95.40 - 128.78 = -33.38 
 

This represents a profit of $33.38 per ton of recycled material. The total cost to the city is then: 
 
Total cost = -$33.38 per ton * 16,929.56 tons + $5,575 per drop-off container * 1 

container = -$559,533.71 (profit) 
 

Pay-As-You-Throw 
 If the city implements a Pay-As-You-Throw (PAYT) program, it will collect revenue 
from citizens who must pay an amount depending on the volume of waste they generate. We can 
calculate revenue generated by such a program by using the formula [29]:  
 

RevenuePAYT = (WeightWaste / VolumeContainer * PriceContainer - PriceStartup, Maintenance per day) * 
Population 

 
 The average American generates 4.5 lbs of waste and recycles 1.5 lbs [17]. PAYT 
programs cost around $0.28 per capita, based on surveys of Wisconsin and Iowa [30]. We also 
simplified VolumeContainer * PriceContainer as Container price/pound, since the containers are meant 
to hold specific amounts of weight. Thus, the revenue generated by PAYT for citizens who 
recycle can be calculated as:  
  
RevenuePAYT, Recycle = ((4.5 lbs - 3.375 lbs) * Container price/pound - $0.28/365) * 
PopulationRecycle 
 
RevenuePAYT, Don’t recycle = (4.5 lbs * Container price/pound - $0.28/365) * PopulationDon’t recycle 
 
Total revenuePAYT = RevenuePAYT, Recycle + RevenuePAYT, Don’t recycle =  ((4.5 lbs - 3.375 lbs) * 
Container price/pound - $0.28/365) * PopulationRecycle+ (4.5 lbs * Container price/pound - 
$0.28/365) * PopulationDon’t recycle 
 
Fargo, North Dakota 
Total revenuePAYT = (1.125 lbs * x - $0.28/365) * 8,458 peopleRecycle + (4.5 lbs * x - $0.28/365) * 
(105,549 - 8,458 peopleDon’t recycle) 
 
Price, Utah 
Total revenuePAYT = (1.125 lbs * x * - $0.28/365) * 3047 peopleRecycle + (4.5 lbs * x - $0.28/365) 
* (8,402 - 3,047 peopleDon’t recycle) 
 
Wichita, Kansas 
Total revenuePAYT = (1.125 lbs * x - $0.28/365) * 27,486 peopleRecycle + (4.5 lbs * x - $0.28/365) 
* (382,368 - 27,486 peopleDon’t recycle) 
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The following table provides the total revenue generated by a PAYT program if the 

container price per pound were $0.01, $0.05, or $0.10. 
 

 
 

 
 
Sensitivity Analysis 

We tested the sensitivity of our simulation of the annual amount recycled in a city using a 
drop-off recycling program. We changed population and area by +/- 2%, 5%, and 10% and 
examined the resulting change in annual amount recycled. For simplicity, we only examined the 
changes for one of our sample cities: Fargo, North Dakota. 

 

 
 
 The annual amount recycled responds approximately linearly to both area and population. 
The response is not precisely linear because the randomness used in the simulation to determine 
whether each household recycles introduces some variation between different runs of the 
simulation. Since the slopes are small, a slight error in the initial parameters would not 
significantly change the simulation’s output. 
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Model 2: Curbside Collection 
Assumptions 

1 Each city has only one recycling processing plant, located at the geographic center, as we 
found that one large-scale processing center is more than enough to cover one city’s 
recycling needs. 

2 Recycling collection comes biweekly. 
 
Approach 

We subdivided the city into zones for which one garbage truck was responsible. Each 
truck is responsible for driving to its zone, collecting all the recyclable waste it can, and 
delivering it to the central processing center, which then sorts and processes the recyclable waste. 
 
Recyclable Waste Collected and Cost to City 
 We divide the cost to the city into three parts: the cost of gasoline, the wages of the truck 
drivers, and the price of truck upkeep.  The cost is as follows: 
 
Cost = (Price of diesel fuel in dollars/gallon) * distance / (Truck miles/gallon) + (Num houses) / 
(Houses/hour) * (Driver wage/hour) + Truck_Upkeep 
 

The number of houses visited per hour varies depending on whether a single stream or 
dual stream collection method is used; for single stream, 171 households are visited per hour, 
while for dual stream, 130 households are visited per hour [31]. The mileage of a truck is 5 mpg, 
with a cost of $4.02 per gallon. The average wage of a truck driver is $16 dollars/hour [19].  
 

Thus, the formulas for single stream and dual stream collection costs are as follows: 
 
Single stream cost = ($4.02 dollars/gallon) * distance / (5 miles/gallon) + (Num houses) / (171 
houses/hour) * ($16 wage/hour) 

 
Dual stream cost = ($4.02 dollars/gallon) * distance / (5 miles/gallon) + (Num houses) / (130 
houses/hour) * ($16 wage/hour) 

 
We assume that a truck driver can only collect for 7 hours a day: (8 hour work day, minus 

an hour for lunch and driving). So, a truck driver has a maximum amount of households s/he can 
visit in a biweekly circuit (171 * 7 * 10=11970 for single-stream and  130*7*10=9100 for dual-
stream). When a driver is tasked with more houses that s/he can visit, we simply used this 
ceiling. To demonstrate, the graphs below show efficiency, in terms of tons of recyclable waste 
collected per thousand dollars, versus the number of trucks in each city. 
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Using the model, we calculated the optimum number of trucks for each city for either 
dual stream or single stream curbside collection depending on the efficiency of the collection, 
quantified using the tons of recycled material collected per $1,000, and the total amount of 
recycled waste collected. The results for optimum number of trucks are shown below: 
 
 

City  Single Stream  Dual Stream 

Fargo 5 6 

Price 1 1 

Wichita 13 17 

 
Given the optimum number of collection trucks, the annual cost and tons of recyclable 

waste collected can then be determined using our computer simulation.  

City Single Stream  Dual Stream  

 Tons of Waste Collection Cost Tons of Waste Collection Cost 

Fargo 25292.85 $205,787.20 25933.39 $319,383.30 

Price 2064.37 $24,526.54 2064.37 $27,005.94 

Wichita 93947.82 $713,424.24 88719.32 $798,496.11 
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To calculate the revenues and costs generated or incurred from curbside collection, we 
needed to determine the cost of recycling and sorting at large-scale MRFs. To calculate the net 
costs per ton of material in processed in a MRF, we used data from Resource Recycling Systems 
[31] to find operating, capital, and maintenance costs for MRFs of different tonnage capacity. A 
graphical representation of the processing and operating costs is shown below[31]: 

 
 
Fargo, North Dakota 
Single stream:   

Using our model, we calculated that Fargo would generate 25,292.85 tons of recyclables 
annually using single stream curbside pickup. The operating cost is about $130 per ton for a dual 
stream MRF of the same tonnage capacity [31]. However, single stream MRFs have greater 
processing costs in the range of $10-15 per ton (averaged at $12.5), because of greater sorting 
required [4]. Using the revenue generated from selling recovered material, as calculated in the 
Drop-Off Center section to be $128.78, the net cost and total cost are: 

 
Net cost per ton = ($130+ $12.5 )- $128.78 + = $13.72 per ton 
 
Total cost = 25,292.85 tons * $1.22 per ton + Collection cost = $347,017.90 + 
$205,787.20 = $552,805.1 

 
Dual stream: 
 Using our model, we calculated that Fargo would generate 25,933.39 tons of recyclables 
annually using dual stream. The operating cost is about $130 per ton. Thus, net cost and total 
cost are:  
 

Net cost per ton = $130 - 128.78 = $1.22 per ton 
Total cost = 25,933.39 tons * $1.22 per ton + Collection cost = $31,638.74 +  
$319,383.30 = $351,022.04 

 
Price, Utah 
Single stream: 
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 Using our model, we calculated that Price would generate 2,064.37 tons of recyclables 
annually using single stream. A mini MRF, with an annual tonnage of 2,649, is sufficient. The 
operating cost is about $245.62 per ton for single stream. Thus, net cost and total cost are:  
 

Net cost per ton = $245.62 - 128.78 = $116.84 
 
Total cost = 2,064.37 tons * $116.84 per ton + Collection cost = $24,526.54 + $241,201 
= $265,727.53 

 
Dual stream: 

Using our model, we calculated that Price would generate 2,064.37 tons of recyclables 
annually using dual stream.  A mini MRFis again sufficient. The operating cost is about $218.47 
per ton for dual stream. Thus, net cost and total cost are:  
 

Net cost per ton = $218.47 - 128.78=89.69 
 

Total cost = 2064.37 tons * $89.69 per ton + Collection cost = $24,526.54 + $27,005.94 
= $212,159.29 

 
Wichita, Kansas 
Single stream: 

Using our model, we calculated that Wichita would generate 93,947.82 tons of 
recyclables annually using single stream. Thus, net cost and total cost are:  
 

Net cost per ton = ($95 + $12.5) - $128.78 = -$21.28 
 

Total cost = 93,947.82 tons * -$21.28 per ton + Collection cost = -$3,173,557 + 
$713,424.24 = -$1,285,785.61 

As the cost is negative, the city receives a profit. 
 

Dual stream: 
Using our model, we calculated that Wichita would generate 88,719.32  tons of 

recyclables annually using dual stream. Thus, net cost and total cost are:  
 

Net cost per ton = $95 - $128.78 = -$33.78 
Total cost = 93,947.82 tons * -$33.78 per ton + Collection cost = -$3,173,557.36 +  
$798,496.11 = -$2,375,061 

The city again receives a profit. 
 

 
Pay-As-You-Throw 

We can apply the Pay-As-You-Throw revenue formulas calculated in the Drop-Off 
Centers section: 
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 Total revenuePAYT = RevenuePAYT, Recycle + RevenuePAYT, Don’t recycle =  ((4.5 lbs - 3.375 lbs) 
* Container price/pound - $0.28/365) * PopulationRecycle+ (4.5 lbs * Container price/pound - 
$0.28/365) * PopulationDon’t recycle 
 

Given that 40% of people to whom curbside recycling is available recycle [16], we 
calculated the total revenue each city can expect from a Pay-As-You-Throw program alongside 
curbside recycling. The variable “x” is used to represent the container price per pound, which is 
up to the city to set.  
 
Fargo, North Dakota 
Total revenuePAYT = (1.125 lbs * x - $0.28/365) * (.40 * 105,549 peopleRecycle) + (4.5 lbs * x - 
$0.28/365) * (105,549 - .40 * 105,549 peopleDon’t recycle) 
 
Price, Utah 
Total revenuePAYT = (1.125 lbs * x - $0.28/365) * (0.40 * 8,402 peopleRecycle) + (4.5 lbs * x - 
$0.28/365) * (8,402 - 0.40 * 8,402 peopleDon’t recycle) 
 
Wichita, Kansas 
Total revenuePAYT = (1.125 lbs * x - $0.28/365) * (0.40 * 382,368 peopleRecycle) + (4.5 lbs * x - 
$0.28/365) * (382,368 - 0.40 * 382,368 peopleDon’t recycle) 

 
The following table provides the total revenue generated by a PAYT program if the 

container price per pound were $0.01, $0.05, or $0.10. 
 

 
 

 
 
3. Testing the Models 
     To test our models for accuracy, cities with a current drop-off recycling, single-stream 
curbside collection, or dual-stream curbside collection program can be run through the models. 
The population, area, and other required attributes of the city will be input into our models, and 
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the accuracy of our models would be confirmed if the model results for annual amount recycled 
and net annual cost to the city are similar to the values in reality. 
4. Recommendations 
 When designing a recycling program, the city should identify markets for recycled 
materials. The characteristics of the market determine how recyclables should be collected, 
processed, and eventually sold [32]. 
 To extend our model to the national level, we took US Census data from 2000 which 
recorded the population density. We then tested each county. On the national level, the EPA 
should strongly encourage recycling programs for almost every county or region, particularly in 
denser, less rural regions.  

 
 The diagram below marks all the centers of all the counties where at least one of our 

three proposed recycling programs turns a profit to the community, based on the models were 
proposed earlier. 

 
  

 
In general, across the U.S., very small cities such as Price, Utah will incur losses from a 

recycling program. A drop-off program cannot be used to full advantage because much of the 
potential coverage area of one drop-off center lies beyond the city limits. In relatively large, 
densely populated cities such as Wichita, Kansas, dual-stream curbside collection is generally 
recommended to bring the highest profits. This is due to low participation in drop-off recycling; 
on average, only 15.5% of potentially covered households participate. The revenue benefits of a 
pay-as-you-throw initiative must be balanced against the cost of its unpopularity among citizens. 
A pay-as-you-throw initiative is generally recommended for small cities such as Price, Utah that 
seek to adopt a recycling program but incur losses no matter what the program. In these cases, a 
pay-as-you-throw initiative is recommended to offset losses to the city. 
 
III. CONCLUSION 
     Effective recycling programs are critical for cities to address the waste accumulation in 
landfills. Based on our models, we conclude that drop-off centers, curbside collection, and pay-
as-you-throw initiatives can all be feasible recycling programs, depending on the population and 
area of a given city. All the models are resistant to minor changes in the input values and can be 
applied to any city. 
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     The population growth of the U.S. has a notable effect on the change in the amount of 
plastic waste discarded in landfills each year. Partly because U.S. population growth has been 
linear in recent years, we determined that a linear model was most appropriate for predicting the 
amount of plastic waste discarded. Our linear model predicts that 35.1 million tons of plastic 
waste will be discarded in 2023, an increase of 13% over 2010. 
     Using a drop-off program, Fargo, North Dakota, and Wichita, Kansas would both 
generate profits from the sales of recovered materials. The net profits leave an unpopular PAYT 
initiative unnecessary. In Price, Utah, however, a drop-off program sustains losses because of the 
very small size of the city. For this reason, we recommend that Price adopt a PAYT initiative to 
raise revenues and offset costs of the drop-off program. 
     Using any curbside program, single-stream or dual-stream, Fargo, North Dakota and 
Price, Utah incur losses. In both cities, a drop-off program is recommended: in Fargo, because a 
drop-off generates profits and in Price, a drop-off generates less losses than a curbside collection. 
In Wichita, Kansas, however, both a single and dual stream curbside collection generate a profit, 
leaving all three programs feasible. Dual-stream curbside collection is strongly recommended, 
however, for the highest profits. 
     Nationally, small cities generally incur losses with any recycling program, as seen in our 
model results for Price, Utah. Dual-stream curbside collection is generally recommended for 
large, densely populated cities, who can take advantage of efficiencies of scale. The revenue 
benefits of a PAYT initiative must be balanced against the cost of its unpopularity among 
citizens, though it is recommended for small cities to help offset their losses. Recycling has 
environmental benefits for any city but is especially important for large, densely populated cities, 
where it has economic as well as environmental benefits. 
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