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Abstract
The rapid accumulation of polyethylene terephthalate (PET) plastic waste caused by
disposable plastic water bottle use is a worldwide problem that will continue to affect our
environment, economy and society unless new methods of reduction and degradation are
explored. The large amounts of energy and resources that are required during the lifecycle of
PET are also worthwhile of concern. In the following, a review of current plastic waste
management within heavily used national parks in the United States unveils that landfilling is
more prevalent than recycling. Moreover, it is found that park managers are not always aware of
the standard waste management processes carried out by their contracted waste management
companies.
Historically, most PET plastic waste from national parks has been sent to these
companies to be processed internally or exported to China. However, a recent ban on exporting
PET plastics to China will impact the way the United States manages its plastics, and national
park managers will need to adapt to these changes. The NPS’ mission aims to protect resources
while providing recreation opportunities as well as educating future generations on outdoor
recreation and sustainable stewardship. The implementation of sustainable waste management
within national parks will not only help park managers adhere to this mission, but may also set
an example for waste management throughout the rest of the country and beyond.
Therefore, it is recommended that the NPS re-establish a disposable plastic water bottle
ban, construct and maintain more water refill stations, enhance both indirect and direct visitor
communication efforts, and consider using the plastic eating microbe Ideonalla sakaiensis or
other alternative methods to biodegrade PET plastic waste within national parks. These
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recommendations would reduce the amount of plastic waste being landfilled in the United States
while helping park managers promote environmental stewardship. It is also expected that these
recommendations will lead to more sustainable environmental, economic, and social conditions
within national parks.

Introduction
Referred to as “America’s Best Idea”, the national parks of the United States represent a
long standing history of land conservation and protection. The National Park Service (NPS) was
created in 1916 to protect a growing system of national parks. By the 1930s, the number of land
areas under the NPS’ care was growing, expanding to include national parkways, seashores, and
urban parks (NPS 2017a). Currently, the NPS’ 20,000 employees host 275 million annual
visitors in over 400 locations throughout the country.
The NPS has a dual mandate of protecting resources while providing recreation
opportunities. This leaves managers in a difficult position, as increased human presence has led
to the impairment of natural resources. Overuse is driven by increased international visitors,
United States’ population growth, which grew by over 100 million people in only 40 years, and
the overall growth in outdoor recreation interest, which has grown almost 200% since the 1980s
(The University of Montana 2018). This trend, paired with a historical lack of funding for the
NPS, has resulted in management challenges in nearly every national park, including wildlifehuman interface issues, land degradation, decreases in water quality, theft, vandalism, and waste
management difficulties.
National park managers not only have to manage 4 million acres of maintained
landscapes, but also 67,000 structures, 17,000 miles of trail, over 3,000 utility systems, and
hundreds of millions of visitors each year (NPS 2017e). In 1970, there were 168 million visitors
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in national parks. In 2018, there were over 318 million (NPS 2019). The responsibility to manage
these assets alongside heavy visitor use can lead to difficulty in implementing sustainable
practices. Sustainability can be defined as ensuring the current level of ecological, social, and
economic services that are available in present day are also available to future generations.
Providing future land stewards with either the same or improved ecological qualities is essential
not only for preserving biodiversity and balanced ecosystems, but also for supporting the quality
of social and economic services.
In line with their mission of preserving natural and cultural resources as well as educating
future generations on outdoor recreation and sustainable stewardship, the NPS assumes
responsibility for the waste left behind from front country as well as backcountry visitors,
varying from human and food waste to both recyclable and non-recyclable items. In doing so, the
NPS is striving towards sustainable waste management. Sustainable waste management can be
defined as “using material resources efficiently to cut down on the amount of waste produced,
and, where waste is generated, dealing with it in a way that actively contributes to the economic,
social and environmental goals of sustainable development” (LidsterCorp Ltd 2018). Because
national parks work with numerous waste management companies with various sustainability
goals, the NPS mission to reduce, reuse, and recycle may be compromised by policy changes and
market shifts outside of their control.
Although front country visitors may not directly affect fragile environments found in
more protected areas of the park, high visitor rates inherently produce large quantities of waste.
The top visited park in 2017 in the United States was Great Smoky Mountains National Park
(GRSM), with more than 11 million visitors. Grand Canyon National Park (GRCA) was second,
drawing in 6.2 million people. Zion National Park (ZNP) is the third most visited park in the
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United States, tallying 4.5 million visitors (National Geographic 2018). These numbers are
expected to grow as outdoor recreation interest and world populations continue to rise, likely
resulting in higher amounts of waste left behind in national parks.
According to the National Parks Conservation Association (2016), over 100 million lbs.
of waste was thrown away by visitors in just three national parks in 2015. Of this waste, 17%, or
17 million lbs., was plastic. It is likely that a large percentage of those plastics were made from
polyethylene terephthalate (PET), the primary material used in plastic bottles. Therefore, a
reduction of PET waste in national parks would reduce the amount of waste that park managers
need to manage. This 17 million lb. of plastic waste only included three parks; ZNP, Glacier, and
Yosemite, but did not include the amounts of plastic waste from the more popular GRCA and
GRSM. According to the EPA (2016), Americans generate around 4.4 lbs. of waste per person
each day. In 2017, GRCA tallied 6 million visitors while GRSM tallied 11 million. If these waste
generation rates apply to other parks, total annual waste from GRCA and GRSM could equate to
74.8 million lbs. and include 14.96 million lbs. of plastic waste. While current estimates on
plastic waste from these parks do not reflect these high amounts, these totals could someday
become reality given the EPA’s estimate for how much plastic waste Americans generate per
person each day.
The supply and demand for plastic bottles within the United States and in national parks
is growing each year due to convenience and affordability. In 2017, over 1 million plastic bottles
were bought globally every 60 seconds, and it is predicted that this amount will rise by 20% by
2021 (Laville and Taylor 2017). Ninety-one percent of these plastic bottles are not recycled
(National Geographic 2017). While 9% of plastic bottles are recycled, 79% are discarded in
landfills, and 12% are incinerated. As stewards of national lands, national park managers should
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aim to lower landfilling rates and raise recycling rates tied to plastic waste coming from national
parks.
While the intention to recycle may be present, the availability and use of recyclable
material receptacles does not necessarily affect the probability of recycling. Recent changes in
global recycling markets are causing waste management companies to shift their plastic waste
management norms. China is the main importer of the United States’ plastic waste, with total
exports reaching 26.7 million tons from the U.S. between 1988 and 2016 (NPR 2018). However,
within the last year, eight types of plastics have been banned from consumer goods in China,
including PET and other polymers heavily used within the U.S. national parks (Brooks et al.
2018). This change, paired with the prediction for higher plastic production rates in the years to
come, plus the estimated surplus of 111 million metric tons of plastic by 2030 (NPR 2018), will
not only affect companies in the United States financially, but will also create environmental
distress, social unease and political tension as managers deal with finding places to store or
export plastic waste.
In the following analysis, I review the history, life cycle, and current usages of PET, as
well as plastic waste management within heavy-use national parks. I will then review visitor
communication efforts along with the environmental, economic, and social impacts that current
management methods inherently create. Based on these findings, I will explore plastic waste
reduction options, including banning plastic containers within our national parks as well as PET
biodegradation options.
My objectives in this analysis were:
i. Confirm how disposable plastic bottles in heavy-use national parks are
currently being processed at contracted waste management companies.
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ii. Quantify, based on information found, how much PET waste is being
removed from heavy-use national parks annually.
iii. Review biodegradation options and other actions to reduce PET waste in
national parks and ultimately in landfills.
iv. Review the three vertices of the sustainability triangle; ecological, economic,
and social impacts of current plastic waste management in national parks.
v. Perform a cost-benefit analysis of different management systems.
vi. Recommend alternative management tactics towards the reduction of PET
waste in national parks and landfills due to the overuse and availability of
disposable water bottles.

The Life Cycle of Polyethylene terephthalate (PET)
Polyethylene terephthalate (PET) is a type of polymer used to make plastic items. A
plastic, as defined by the American Chemistry Council (2018), is a type of synthetic polymer that
can be molded or cast into shapes or filaments used as textile fibers. PET, also known as Mylar,
Decron, terylene, or Recron, is manufactured from linking hydrocarbon monomers (Figure 1)
forming a polymer backbone and creating the resistant and clear materials that are popular for
food and water storage worldwide (American Chemistry Council 2018). Over the years,
disposable PET water bottles have become 25% lighter, increasing their popularity and
convenience amongst buyers and suppliers. Additionally, water stored in PET containers was
found to hold 26-57 times less lead than that in glass containers (Claudio 2012), making PET a
seemingly safer material for storing water. The availability, convenience and reliability
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associated with disposable PET water bottles has created a supply and demand chain that leads to
the ongoing production and consumption of PET as America’s preferred container material.

Figure 1: Structure of PET (Venkatachalam et al. 2012)

The Life Cycle Inventory (LCI) model prepared by Franklin Associates (Figure 2) will be
used to examine the various stages of PET’s life cycle and the implications of each stage. The
LCI is produced using a life cycle analysis, which includes all inputs and outputs related to the
production of a product. These typically include raw materials acquisition, materials
manufacture, product manufacture, product use and consumption, and final disposition (landfill,
recycling or reuse).

Figure 2: PET Postconsumer Production (Franklin Associates 2010)

Most users only use PET containers once, which is unsustainable when considering the
large amount of resources required during production. Pacific Institute (2007) states that 17
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million barrels of oil were used in 2006 to produce bottled water containers for the United States.
This amount of oil could fuel 1.3 million cars or power 190,000 homes for a full year (US EIA
2018). Additionally, the ratio of water used to produce containers versus the amount of water
consumed is 2:1. Therefore, every liter of water sold requires three liters of water to produce
(Pacific Institute 2007).
Worldwide production of PET has reached 50 million tons annually (Bornscheuer 2016)
and disposable PET water bottle production accounts for 30% of this total (Plastics Insight
2018). This adds up to 15 million tons of PET production solely for plastic bottles every year.
Over 50 billion of these plastic water bottles are discarded in America annually (NPS 2010).
Once these bottles are discarded, they become postconsumer products, where they are
then collected and put through a separation process. Even bottles deposited in separate bins for
plastics within national parks will likely need to go through this process due to contamination
caused by some users. The sorting process takes place at material recovery facilities (MRFs),
which can be defined as a plant that receives and separates recycled materials for postconsumer
marketing. Sorting procedures vary from manual sorting to automated sorting using optical
sorters, magnets, air classifiers and other technologies (Franklin Associates 2010).
Once removed or separated from the rest of the waste, the PET is degraded into resin and
kept in large bales. These bales are either sold as is, or dismantled and sorted to further remove
other materials. If the bales are sold as is, this process will have used 184 MBTUs of energy per
1,000 lbs. of postconsumer material (Franklin Associates 2010). This energy estimate includes
both the fuel required for transport and for processing. If the bales are dismantled and sorted to
remove other materials, they are sent to plastic recovery facilities (PRFs), where they are broken
into flakes and washed (Franklin Associates 2010). The flakes are then melted into a plastic
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liquid, which is filtered to remove contaminants and is then formed into strands. These strands
are cooled and chopped into pellets, which are then resold (Intagliata 2012). The process
undergone at PRFs uses around 3,930 MTBUs per 1,000 lbs. of postconsumer recycled PET
flake (Franklin Associates 2010).
PET is more valuable prior to its use and postconsumer processing. The average price of
PET virgin bottle resin pellets is $0.83- $0.85/lb. whereas the price for PET recycled pellets is
$0.58-$0.66/lb. (Intagliata 2012). Yet, every pound of recycled PET used instead of virgin PET
reduces energy use in plastic production by 84% (Storelli Recycling Company, Inc. 2015). In
that case, the 184 MBTUs of energy per 1,000 lbs. associated with virgin PET could be reduced
to approximately 29 MBTUs of energy per 1,000 lbs. if recycled PET use became more
prevalent.
PET is most commonly landfilled when it becomes contaminated by other waste types,
such as rock or glass, which is common in many recycling plants (Venkatachalam et al. 2012).
This contamination can occur due to inappropriate separation and sorting (Debris Free Global
2018). It is estimated that over 70% of recycled PET ends up in landfills. It is suggested this
occurs because reclaimers are expecting bales of 100% PET, but instead are receiving PET pellet
bales mixed with trash, paper, other plastics and aluminum (Karidis 2018).
The volume of PET in landfills is increasing, partially due to increasing usage and slow
degradation rates. Estimated respiration measurements for incubated PET suggest that PET takes
450 years to break down completely (NH DES 2018). During these measurements, microbes
break down the waste each day and produce CO2, which is used as an indicator for the rate of
degradation. By comparison, items like food typically decompose quickly, producing larger
amounts of CO2, whereas plastic bottles produce very small amounts of CO2 over the same
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amount of time. An empty plastic water bottle equates to 0.0000127 cubic meters (IBWA 2010).
When this volume is multiplied by the average weight of PET disposable bottles landfilled yearly
from GRCA, the estimated landfill space required each year to store this volume of water bottles
is approximately 272 cubic meters. Then, an estimate for how PET accumulates in landfills can
be generated. This can be done by using the input rate (272 cubic meters), the decay rate
(estimated to take 450 years), and the store from the previous year (Figure 3). It is found that
even with natural decomposition loss, after 100 years, 16,997 cubic meters of PET plastic waste
will have accumulated in a landfill from one park alone.

PET Accumulation in Landfills
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Figure 3: PET accumulation from GRCA in landfills with and without natural decomposition loss.

The cost of a landfill depends on the weight of the waste and the depth of an area’s water
table, with shallower water tables will accrue higher fees. Typical landfill costs vary between
$10 and $100 dollars per ton. These fees are tariffs that help build, maintain, and close landfills.
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Based on GRCA’s 360,000 lbs. (180 tons), landfill costs would range from $1,800 to $18,000
annually.

Recent Plastic Waste Management in National Parks
In 2015, Yosemite, Denali and Grand Teton NPs created a goal to eliminate all landfill
trash from the park with help from Subaru, an industry leader in the “zero landfill” movement
(Weber 2015). Subaru found that there were two variables in this initiative that may affect its
success: lack of control of the kind of waste coming into and out of park entrances, and waste
management processes at their contracted recycling and waste management plants. Because
visitors to national parks are allowed to bring in their own food and drink items, it is likely that
plastic packaging is left within the park’s receptacles rather than brought back out with the
visitor. Once plastic waste leaves the park, the park then has no control as to what the waste
management company does with it. Weber (2015) adds that many national parks are also at the
mercy of nearby recycling industries, which typically do not have adequate infrastructure to
manage the large quantities of waste coming out of the parks. In 2005, the total amount of
recycling revenue lost from landfilled disposable PET water bottles reached nearly a half a
billion dollars (Intagliata 2012). While this figure represents the total amount of revenue lost
nationally, it can be assumed that a small percentage of this lost revenue is represented by
landfilled disposable PET water bottles in national parks.
Fortunately, PET waste can be reduced in national parks, and park managers have been
successful in doing so in recent years. In early 2017, the National Park Service and Department
of the Interior released the “Disposable Plastic Water Bottle Recycling and Reduction Program
Evaluation Report”, which commented on the success of the optional plastic water bottle sale
ban within numerous national parks. The proposed ban, known as Policy Memorandum 11-03,
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enacted in 2011, was part of an effort to encourage national parks to reduce plastic waste.
According to NPS (2017), 23 out of 417 national parks opted in, included GRCA and ZNP, and
by doing so prevented an average of 111,743 pounds of plastic from entering the parks and being
landfilled each year between 2011 and 2017. Communication strategies to inform visitors of this
ban included website notices, displays at entrances, and interpretive showcases tying plastic
waste reduction to healthier environments. An estimated total of 1.32-2.01 million disposable
plastic water bottles were not used by participating national parks due to the ban. The policy also
prevented 140 metric tons of carbon dioxide emissions from production and transport (source
reduction), and avoided disposal (landfilling or recycling). Additionally, between 276-419 cubic
yards of landfill space was not used. A savings in energy between 2,209 and 3,353 million
MBTUs per year (NPS 2017b) also resulted.
Despite the positive impacts of Policy Memorandum 11-03 and the “zero landfill
movement”, these initiatives were halted in August of 2017, per the Department of the Interior
and the Trump administration’s decision to dismantle the “Water Bottle Ban”. The decision was
justified by the notion that selling sweetened plastic bottle drinks without the option for bottled
water would discourage recreationists from making healthy decisions (NPS 2017c). However,
environmentalists and other advocates in support of the ban questioned whether or not this
decision was solely motivated by public health values. Their questioning may be fed by the fact
that bottled water companies sell more than $11 billion of bottled water in the United States
yearly (Aubrey 2017) and spend millions of dollars each year lobbying politicians and
organizations. Similarly, the oil industry also spends millions on lobbying and benefits from PET
water bottle production as oil is a required resource.
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Plastic waste management in national parks will likely see even further changes due to
shifts in the global plastics market. In 2017, a plastic import ban was initiated by China. The ban
not only included PET, but many other plastics commonly used within the U.S. national parks.
Eight types of plastics have been banned from consumer goods in China, including PET and
other polymers heavily used within the United States and our national parks (Brooks et al. 2018).
Almost every community in the United States has been affected by this ban, as it prohibits onceaccepted items from going in one’s recycling bin, creating more waste than recyclable materials
for most households and businesses. The American Chemistry Council (2017) reports that in
2016, PET exported from the United States to China reached 21.6% of the total disposable PET
water bottles collected (44 million lbs.), totaling 9,504,000 lbs. of disposable PET water bottles.
Due to the ban, these bottles will now remain in the United States, leading to a potential rise in
landfilling.
In September of 2017, the Reducing Waste in National Parks Act (H.R. 3768) was
introduced in the 115th Congress. A response to the Trump administration’s cancellation of the
plastic water bottle ban, this bill calls for each regional director of the NPS to “establish a
program to recycle and reduce the use of disposable plastic bottles within each NPS unit located
in its region”. Under the proposed bill, regional directors would also have the power to ban the
sale of disposable plastic water bottles within their jurisdiction. Within the established program,
there must also be a “proactive visitor education strategy to address visitor expectations of water
availability and explain the rationale for the program” (House Bill 3768, 2017).
Because national parks use taxpayer dollars to manage plastic waste, it is worth
examining how current management decisions may affect park users and the general public in
the future. Our national parks spend millions of dollars managing visitors’ waste with taxpayer’s
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money. Denali National Park in Alaska spends around $75,000 annually to manage 140 tons of
waste; Everglades spends $80,000 to manage 125 tons annually, and Yellowstone spends
$500,000 to manage 3,000 tons of waste annually (Valencia 2008). This would equate to $166$535 per ton of waste for these three parks. These costs could potentially be greatly reduced if
plastic waste were to be dealt with in a more sustainable manner, especially if done uniformly
throughout every national park in the United States. This would potentially provide more
revenue for the parks, potentially leading to better visitor experiences for park visitors.
Given the visitation frequency and associated solid waste loads at GRSM, GRCA and
ZNP, an examination of PET waste management strategies developed in those parks may be
instructive for NPS units across the system. In addition to being the most visited parks, these
parks have opted to become “Climate Friendly Parks”, which involves national parks with their
supporters and visitors through an online program that offers tools for carbon footprint reduction
within national parks. This program is also referred to as the “Do Your Part!” initiative.
While these parks are making an effort to reduce waste through recycling programs and
bottle filling stations, they are facing unprecedented challenges. Maintenance backlogs,
increasing visitors, and effects from climate change are issues that require monetary and staff
attention. Exploring current waste management processes within these parks may provide
opportunities for more effective resource allocation.

Grand Canyon National Park (GRCA)
Grand Canyon National Park (GRCA), located in northern Arizona, is 277 river miles
long, up to 18 miles wide, and about one mile deep. It hosts five different ecosystems, including
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mixed conifer forest (9,200 to 8,200 feet), ponderosa pine forest (7,000-8,000 feet), pinyonjuniper woodlands (4,000-7,300 feet), desert scrub (1,200-4,500) and riparian. Species of interest
within the park range from California condors to the native fish species, the humpback chub
(NPS 2016).
The park received over 6 million visitors in 2017 and has been a leader in reducing
plastic bottle waste, which comprises 20% of their total waste stream and 30% of the park’s
recyclables (NPS 2015a). GRCA contracts its waste management to Patriot Disposal of Prescott,
AZ. In 2010, the park produced over 900 tons of waste. This would have totaled 180 tons of
plastic bottle waste annually. While Patriot Disposal did not respond to my inquiries regarding
costs, it is possible to estimate the amount of money spent on waste management based off the
range of park estimates given above. As stated, national parks spend between $166 and $535 per
ton of waste. Based on this rate, it can be estimated that it would have cost GRCA between
$29,880 and $96,300 to manage 180 tons (360,000 lbs.) of PET plastic waste in 2010. That
amount is likely to have risen due to increased disposable water bottle production, more visitors,
and continued disposable water bottle sales within the park.
During the park’s plastic water bottle ban initiative, GRCA eliminated the sale of all
water packaged in individual disposable containers, and replaced them with ten water bottle
filling stations at the park’s most popular trailheads and facilities, including seven filling stations
on the South Rim and three on the North Rim. These filling stations have remained operational.
In an effort to communicate GRCA’s environmental values to visitors, managers educate the
public on how to reduce impacts within the park through interpretive signs and within park
literature distributed to users upon arrival. Their messaging within displays and brochures
encourage visitors to reducing plastics in the park’s waste stream, reducing litter along trails and
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walkways, and reducing greenhouse gas emissions by opting for reusable water bottles over
disposable water bottles.
Active interaction with park visitors is a key part of the NPS strategy. Interpretive
displays (Figure 4) emphasizing the negative effects associated with disposable plastic bottles
both within and outside of GRCA are present at each water refill station. There is a specific
component of the sign, targeting children, which states that the average American uses 167
disposable bottles per year, totaling around $334. Because reusable bottles are sold within the
park for just $2.50, visitors can visually see how much money they can save by opting to forego
disposable bottles. This portion of the display also states that reusable bottles “look cool” and are
great souvenirs (GRCA 2018). Lastly, there are displays at each recycling station instructing
visitors to dispose of empty disposable water bottles into the single stream recycling bins (GRCA
2018). This may be counterproductive for GRCA’s environmental initiatives, as single stream
recycling, which allows for paper, cardboard, plastic, metal and glass to be mixed together,
typically results in higher rates of contamination and lower rates of actual recycling (Vangel Inc.
2013).
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Figure 4: GRCA Water Bottle Refilling Station & Interpretive Display (GRCA 2018)

Great Smoky Mountains National Park (GRSM)
America’s most visited national park encompasses over 800 square miles of the southern
Appalachian Mountains. It hosts a temperate climate and receives over 85 inches of rainfall each
year. There are over 2,100 miles of streams and rivers in the park, over 19,000 species of
wildlife, and over 5,500 species of plants (NPS 2015b). GRSM received over 11 million visitors
in 2017.
GRSM states that park managers do not recycle plastic waste at the park. Instead, it is
hauled out by TC Environmental and “recycled or composted-we believe”, at the local landfill,
operated by Sevier Solid Waste Inc. (SSWI), located in Sevierville, TN. SSWI is described by
GRSM as a “state-of-the-art” recycling facility as it claims it recycled or composted 70% of the
544 tons of waste from GRSM in 2010 (SSWI 2018). However, upon contacting SSWI, it was
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found that they are not currently separating plastics from their waste stream and all plastics are
being landfilled. Information regarding GRSM waste handled by TC Environmental is currently
unknown, but would be an important factor in analyzing and calculating the total amount of
plastic waste that GRSM manages.
Because the total amount of plastic waste from GRSM was not available, an estimate can
be made using GRCA’s proportions of plastic waste. Based on those numbers, GRSM would
have produced about 109 tons of plastic waste in 2010, which would have been landfilled, not
recycled. Based on national parks spending of between $166 and $535 to manage each ton of
waste, GRSM may have spent between $18,094 and $58,315 in plastic waste management in
2010. GRSM continues to maintain that nearly 70% of their waste is composted or recycled on
their website, but also states that they believe visitors may have a poor perception of the park’s
recycling commitment due to similarities between waste and recycling containers within the
park. As stated when discussing GRCA’s recycling system, single streamed containers tend to
result in product contamination which leads to a lower likelihood of waste being recycled. This
may be why none of it is currently being recycled at SSWI. In GRSM’s case, negative visitor
perceptions may be justified. In fact, although the total amounts of plastic waste from GRSM
were not obtainable, it is stated that 30% of GRSM’s greenhouse gas emissions in 2006 came
directly from landfilled waste (Figure 5) (NPS 2006).
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Figure 5: GSRM's 2006 GHG Emissions

GRSM has recently installed water bottle refill stations at their busiest visitor centers,
which will likely offset some of the waste that is currently being landfilled. Yet, as disposable
plastic water bottle sales continue to be permitted throughout the park, it is likely the rate of
disposal to landfills will continue to grow, at least until water bottle refill stations are preferred
over buying non-reusable plastic water bottles. Upon contacting the park to ask how many water
refill stations were present, the general response was that there were “fountains” near the visitor
centers, but most visitors just bought disposable bottles at the park stores. Without
implementation of interpretive strategies designed to educate visitors, GRSM’s efforts towards
waste and landfilling reduction are likely less effective than GRCA’s.

Zion National Park (ZNP)
Located in southwestern Utah, ZNP hosts landscapes varying from canyons to waterfalls,
and ecosystems including desert, riparian, pinyon-juniper, and conifer woodland. The park hosts
more than 1,000 species of plants, 8 species of fish, 78 species of mammals, 291 species of birds,
30 species of reptiles and 7 species of amphibians (NPS 2018b). In 2017, ZNP received over 4.5
million visitors.
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ZNP does not sell any disposable water bottles within the park. Instead, reusable bottles
are sold in gift shops located in the Visitor Center, Museum, and Zion Lodge. Water refilling
stations are available at the Visitor Center, Zion Human History Museum, Zion Lodge, The
Grotto, and the Temple of Sinawava (NPS 2018d). Each refill station has interpretive displays
with information related to staying hydrated, the impact of disposable water bottles, and the
purity of ZNP’s water (Fears 2017) (Figure 6). The park also provides directories both online and
within the park that associate each refill station with the closest shuttle stop.

Figure 6: Bottle filling station at ZNP (NPS 2018d)

In March 2016, park managers conducted a waste stream analysis and found that 53% of
waste being thrown in trash was potentially recyclable (ZNP 2017). ZNP separates its
recyclables by providing 48 bins around the park specifically for either glass, metal, plastics or
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paper (Figure 7). Over 50% of Zion’s recyclables are plastic, and over 60% of the plastic is PET
disposable bottles (Poirier et al. 2013). ZNP coordinates with two different companies for their
waste management; Washington County Solid Waste (WCSW) and Republic Services. These
companies deliver the recyclables to Rocky Mountain Recycling. In September 2018, WCSW
picked up 3,099 lbs. of plastic waste from ZNP, totaling 37,188 lbs. of plastic waste per year.
This would approximate 22,312 lbs. of disposable water bottles annually. If the total waste
amount from GRCA is reduced to account for 25% fewer annual visitors at ZNP, the result
would suggest that ZNP produced closer to 250,000 lbs. of plastic waste in 2010. This would
mean that Republic Services hauled out at least 225,000 lbs. of plastic waste in 2010, since
WCSW only accounted for around 22,000 lbs. These estimates may be high as disposable water
bottles are not sold within the park. As one of the first national parks to adopt the bottle water
ban, ZNP is committed to continuing to reduce waste and educate the public on the negative
impacts of disposable water bottles.

Figure 7: Zion National Park's material-specific recycling bins (ZNP 2017a)
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Social factors
Historically, humans have always stored their food or water in some manner. However,
the packaging type has changed dramatically, ranging from shells to wooden bowls, to leaves
and aluminum cans, to modern-day plastic containers. After the start of the industrial revolution,
local resources slowly become replaced with global products, fed by global markets,
affordability, and convenience, leading to the need for more reliable packaging and stronger
containers.
The sustainability triangle exemplifies the importance of considering not only
environmental factors in making sustainable decisions, but also economic and social factors. The
social vertex of the sustainability triangle is important to consider in the case of waste
management in national parks because park visitors could have the biggest impact on waste
reduction. Although national park managers and waste management contractors impact the
disposal stage of PET, the use stage of PET directly affects the amount of disposed waste that
park managers have to process.
A 2016 study conducted by the National Park Conservation Association (NPCA), Subaru,
and Kelton Global involved adults who had visited at least one national park in their lifetime.
According to NPCA (2016), 59% of Americans are unaware of the waste management issues
that national parks are facing across America. However, it was found that 84% would be willing
to make necessary changes to reduce the amount of waste left in parks. The 2016 NPCA study
also showed that much of this waste is brought into the park, and not necessarily sold there. This
may raise the question as to whether or not park visitors connect the waste left behind in parks to
environmental degradation. It seems as though social controls have much to do with cognitive
dissonance and a lack of accountability in one’s own waste: out of sight, out of mind. Without a
clear reminder of what one’s actions may have as consequences, it is common for one to not feel
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those repercussions. This may reinforce the need for improved and continued public
communication efforts geared towards waste reduction within national parks.
The gap between those National Park visitors willing to make changes versus those
actually practicing ideal recycling and waste management habits needs to be bridged. Results
from the study indicated that park visitors may not be utilizing waste receptacles as they are
intended, showing that while 67% of visitors use recycling facilities within national parks, fewer
than 50% of visitors sort trash and recycling prior to using either trash or recycling containers.
Additionally, only 40% of visitors took their trash with them when they left. This is a statistic
worth exploring further in the recommendations section, as 82% of visitors consume beverages
and drinks within the park, yet only around 50% of these are purchased from the park (NPCA
2016). That means that more food and drink containers are being disposed of than bought in
national parks. NPCA (2016) states that the behavior of bringing in outside foods and drink and
disposing of packaging within parks is more attributed to older generations, who are 17% more
likely to do so. Lastly, while 35% of park visitors still use disposable water bottles, nearly 80%
of visitors would be in favor of the removal of disposable plastic water bottles from national
parks to reduce waste. Out of the 35% of visitors who still use disposable plastic water bottles,
68% gave convenience as their reasoning (NPCA 2016). Therefore, visitors may make more
environmentally friendly decisions if there were more refillable water bottle stations and cheap
reusable water bottles.
The study also found that generations have different levels of environmental
consciousness. Generation X (born between 1965-1979) and Baby Boomers (born between 19441964) were found to be around 50% more likely than Millennials (born between 1981-1996) to
be willing to make changes to help reduce park waste. Geography was also a factor. Survey
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participants in the South and Midwest said that they would be more willing to make
environmentally conscious changes within national parks than those living in the West (NPCA
2016). Therefore, it seems as though older generations may be more aware of and willing to
remedy environmental issues with parks than younger generations. This could be used as a tool
to promote sustainable practices in national parks through social media and other avenues that
target the nation’s youth. This information could also be used to boost youth-targeted
communication efforts within the parks as well. In reference to the geographic findings, it is
possible that participants surveyed in the South and Midwest were of older age than those in the
West. The results could also indicate that those living in the West aren’t as inclined to make
changes because they live in close proximity to many of the nation’s most famous national parks.
An additional factor that may contribute to these choices is that one-time visitors may not
have as high an appreciation for a national park as frequent visitors. Ramkissoon et al. (2013)
explains this relationship as place attachment, which may encourage pro-environmental
behaviors while visiting the parks. Specifically, it was found that park managers may find higher
percentages of users exhibiting more environmentally conscious behavior by increasing their
attachment to the park while promoting a sense of belonging and connectivity. This may explain
why repeat visitors tend to have a sense of pride in their chosen national park, while first time
visitors may not have as much respect or sense of association for it. Miller et al. (2014) mirrors
these findings by exploring how to develop visitor pro-environmental behaviors through
studying home versus tourism habits. Table 1 shows these contrasts, where it is clear that most
pro-environmental behaviors take place while living at home versus somewhere else a tourist.
This may reflect a stronger sense of accountability and environmental consciousness when place
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attachment is present, so building that relationship may be a key step in reducing waste in the
national parks.

Table 1: Pro-environmental behaviors in domestic & tourism contexts (Miller et al. 2014)

Another social implication of PET plastic waste in national parks is the assumption of
most visitors that their recycling efforts are being matched by those of park management. As I
found in my interviews with representatives from GRSM, GRCA and ZNP, many park managers
are not aware that both recyclables and waste are being landfilled. Because of this, there is a lack
of transparency within the national park service, their contracted waste management companies,
and the general public. If national parks are not properly managing their recyclables, why would
visitors?
Lastly, it is worth exploring the social health implications that stem from landfills. Public
health issues such as landfill gas exposure, ground and surface water contamination, and
emissions are present even though landfills are designed to reduce these impacts. Historically,
landfill emissions have caused premature birth, cancer, congenital malformations, and stunting of
child growth (Danthurebandara et al. 2013). While visitors within parks may not directly be
exposed to these effects, they directly contribute to them. The connection between plastic bottle
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waste and human health could be integrated into visitor communication efforts to encourage
refillable bottle use. Lastly, land value and availability reduces with the presence of landfills due
to impacts such as odor, smoke, noise, water contamination and insects (Danthurebandara et al.
2013).

Environmental factors
The NPS’s mission is an effort to cooperatively join park managers and users to maintain
unimpaired conditions of our county’s natural resources. The shift from using reusable items
such as wooden bowls or cups to disposable petroleum based products has not only resulted in
more environmental pollutants through fuel use in production, but has also contributed to an
abundance of landfills after container production and use. It is then important to consider the
degree that plastic waste impacts this mission through exploring the environmental vertex of the
sustainability triangle. Danthurebandara et al. (2012) explain that there are three major categories
of terrestrial environmental impacts; landfill construction, landfill gas, and leachate.
Landfill construction can result in changes to the chemical and physical properties of
soils found at the selected site. Danthurebandara et al. (2012) state that the porosity, density,
water holding capacity, and aggregate strength of the land and soils are directly changed and
disturbed from heavy machinery. The removal of existing vegetation for construction purposes
affects the biodiversity and ecology of the site. Wildlife must find alternative habitats as the site
expands. In 1999, the emergence of megafills, or Subtitle D landfills, was in full effect. These
landfills are much larger than historic landfills, and can take in over 6,000 tons of waste per day.
Some landfills have the capacity to hold 140 million cubic yards of waste, and can be as tall as
550 feet. Between the years of 1988 and 1999, the EPA did not complete any risk assessments at
megafills (Taylor 1999). The EPA has also not updated their municipal solid waste
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characterization report since 2012, at which time disposable PET water bottles and jars
accounted for 18% of discarded waste in the United States. At this time, the recycling rate for
disposable PET water bottles and jars was at 30.8%, leaving almost 70% of PET products to be
landfilled (Figure 8) (EPA 2012a).

Figure 8: Municipal recycling rates (EPA 2012a)

Leachate is any liquid that seeps through deposited waste and travels outside of a
contained landfill. As it migrates, it takes products of the degraded waste with it. Many of these
products include toxic, carcinogenic, and hazardous contaminants (Danthurebandara et al. 2012).
The hydrology and soil composition of a site can be negatively affected by these contaminants if
leaching occurs. Antinomy, a poorly understood toxic trace element used in manufacturing PET,
not only contaminates waters bottled in PET (Shotyk et al. 2006), but also has the potential to
contaminate disposable PET water bottles. Shotyk and Krachler (2007) also found that the
potential for antimony leaching increases with the duration of contact with the disposable PET
water bottle. Warming temperatures can also add to this increase in leaching. Cheng et al. (2010)
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found that higher temperatures can lead to faster leaching of antimony. In fact, antinomy
concentration can rise from 0.482 to 3.08 µg/l in just 7 days in a storage area or landfill
averaging 45 degrees Celsius.
Landfill gases are another environmental implication of post-consumer PET disposal.
Danthurebandara et al. (2012) state that the decomposition of one ton of municipal solid waste
produces 442 m3 of landfill gas and is comprised of 55% methane, a large fraction of CO2, and
other constituents such as sulfide, ammonia, non-methane volatile organic compounds. While
PET has a slow decomposition rate, the abundance of it in landfills may eventually lead to higher
production of greenhouse gases. Royer et al. (2018) also found PET produces methane and
ethylene when exposed to ambient solar radiation, therefore plastics that end up washed up on
shores are of concern as well. Additionally, according to Royer et al. (2018), the “degradation of
plastics in the environment leads to the formation of microplastics with greater surface area,
which may accelerate hydrocarbon gas production. Due to the longevity of plastics and the large
amounts of plastic persisting in the environment, questions related to the role of plastic in the
CH4 and C2H4 global budgets should be prioritized and addressed by the scientific community”.
Terrestrial ecosystems are not the only landscapes being affected by PET plastic waste
disposal. According to National Geographic (2017), the oceans will contain more plastic waste
than fish by 2050 if current trends continue. The current input is 12.7 million tons each year.
This is projected to increase 10-fold by 2025 (Jambeck et al. 2015).
Ocean-bound plastics from landfills may have the most publicly known effects on natural
environments. Figure 9 provides a visual representation of the many detrimental effects plastics
have on our oceans and environment. Polasek et al. (2017) state that among debris on coastlines
and beaches, plastic waste was the most common, contributing to 60% of collected waste on
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coastlines near five Alaska national parks. Jambeck et al. (2015) add that plastic debris not only
ends up on coastlines, but also on the sea floor, sea surface, and even in Arctic sea ice. Over
time, weather patterns and environmental disturbance cause this plastic debris to break into small
particles called microplastics that can be ingested by the smallest of marine invertebrates. The
trophic transfer of plastics and associated chemicals can lead to changes in feeding, reproduction,
fecundity and the overall fitness of numerous species (Galloway & Lewis 2016).

Figure 9: Effects of plastics in the ocean (NOAA 2011)

The small size of plastics that break down over time in our oceans also makes it difficult
to remove them from open ocean environments. Venkatachalam et al. (2012) remind us that the
degradation process of PET is influenced by thermal, chemical, mechanical, biochemical, and
radiative factors, which in the natural world, work at a very slow rate. It was also found that
when incubated in water for over 152 days, PET also produce fluorinated hydrocarbon gases.
Not only can these gases have potentially detrimental effects on wildlife, vegetation, and
waterways, but are also contributing to climate change.
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While the direct impacts of plastics in oceans include damage to the digestive tracts of
wildlife, and malnutrition or starvation, there are indirect impacts worth exploring further. Plastic
debris releases polychlorinated biphenyls, or PCBs, and levels of PCBs in our oceans can reach
100,000 to 1 million times normal levels. PCBs, banned in the United States in 1979, were
mainly used as coolant fluids (NOAA 2011). PCBs can affect the immune system, reproductive
system, nervous system, and endocrine system, and have also been linked to cancer (EPA 2018).
Lastly, there have been many wildlife species found filled with or entangled with plastics,
including fish, whales, birds, and sea turtles. Many of these ingestions or entanglements
ultimately lead to the death of the individual (Galloway & Lewis 2016). Over 267 species have
been negatively affected by plastics in marine ecosystems worldwide, including 86% of all sea
turtles, 44% of all seabirds, and 43% of all marine mammal species (Derraik 2002).

Economic factors
Exploring the last vertex of the sustainability triangle, economics, is important when
discussing PET plastic waste from national parks because tax payers both fund and receive
benefits from national parks. PET production and consumption is a positive feedback loop that
costs $75 billion annually in the world consumer goods sector (UNEP 2014). The United Nations
Environment Programme (UNEP) announced that the overall financial damage of plastics to
marine ecosystems alone accounted for $13 billion each year (UNEP 2014).
Carrie Toepper, of Crater Lake National Park, states that when the park is fully open
there are generally two or three full time employees scheduled eight hours per day, seven days a
week for waste collection and custodial work. These employees spend around five hours per day
collecting litter and waste. During the winter months, only one full time employee is scheduled
daily and spends around one hour per day collecting litter and waste. There are also other staff
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members that alternate sorting recycling in an effort to prevent contamination. All of these
employees are paid up to $21.45 per hour. If a park is fully open at least 9 months per year, the
total spent on park staff managing litter, waste and recycling would total nearly $140,000
annually. It is likely these estimates are low in comparison to GRCA, GRSM, and Zion due to
their higher visitor counts and maintenance needs.
In fact, in April of 2018, the NPS released a proposal regarding the potential for raising
national park fees to address park maintenance backlogs totaling $11.6 billion (NPS 2018c).
Hetter (2018) states that GRSM has over $215 million in deferred maintenance, GRCA has over
$325 million, and ZNP has over $65 million. In the proposal, the NPS proposes a new fee
program surrounding the peak season of each park. During the months of high visitation, the
entrance fee for one vehicle could reach up to $70, doubling the $35 that GRCA currently
charges. GRCA and ZNP are both included on the list of 17 national parks to see the fee
increase, but GRSM, America’s most visited national park, is not. The new fees would bring in
$70 million extra revenue annually, a 34% increase from FY 2016 (NPS 2017d).
However, there may be other ways to gain funding for these backlogs without rising
entrance fees. The sales of plastic bottles in parks result in revenue for both the parks and
concessionaires. In just one year of the NPS plastic bottle ban initiative, disposable plastic water
bottle sales in GRCA dropped from $77,581 to $19,406, or from 39,734 to 9,898 bottles (Table
2). However, the revenue for reusable water bottles jumped from $49,502 to $110,133, as the
number of bottles sold increased from 3,026 to 11,507 (Table 3) (NPS 2012). The lowest priced
reusable bottle was $1.99, only $0.50 more than the least expensive disposable water bottle. In
just one year, the revenue from reusable plastic water bottles was higher than that of disposable
plastic water bottles, suggesting a potentially easy form of capital gain for the park. While the
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installation of water refilling stations cost the park $288,900, and total maintenance costs of the
stations totaled $850 per year, it is likely that the net revenue from reusable water bottle sales
would have paid back these losses in just a few years. Bulk reusable water bottles can be bought
for as little as $0.75 each. If parks were selling the cheapest reusable bottles for $1.99, they were
making a profit.

Table 2: Total plastic water bottle sales at GRCA from 2007-2011 (GRCA 2012)

Table 3: Total reusable bottle sales from 2010-2011 (GRCA 2012)

These checks and balances can also be represented through cost-benefit analyses (CBA)
performed on 1) a proposed disposable plastic water bottle ban and implementation of water
refilling stations within national parks (Table 5), and 2) the biodegradation (versus landfilling) of
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disposable plastic water bottle waste in national parks (Table 6). These CBAs will be explored
further in the discussion and recommendations section.

Waste reduction through PET biodegradation
Biodegradation can be defined as the use of microbes or microorganisms to degrade or
breakdown organic chemicals. Microbes include bacteria, fungi, archaea, protozoa, algae, and
viruses (Bisen et al. 2012). During biodegradation, the microbes consume the organic material as
food to obtain energy and nutrients. Both aerobic and anaerobic microbes can receive energy
from contaminants by breaking down chemical bonds and transferring electrons through a
chemical process called the oxidation-reduction reaction. In this reaction, the contaminant
becomes oxidized (loses electrons) while the acceptor, the chemical, gains electrons and
becomes reduced (Figure 10). This energy transfer is used by the microbe to produce more cells.
The electron donor (contaminant) and acceptor are called primary substrates, and are essential
for the microbe to grow (National Research Council 1993).

Figure 10: Oxidation-reduction reaction, resulting in invested energy for the microbe to produce new cells
(National Research Council 1993)
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One of the main advantages of biodegradation is that it uses natural processes to
remediate environmental contamination, typically resulting in a less costly clean-up process. If
biodegradation could be used to treat plastic waste from park visitors, any resulting savings
could be applied to other park operational expenses. Many biodegradation processes do not
require the heavy equipment, energy and labor that traditional waste management practices do
(EPA 2012b). Biodegradation has been successfully applied to contaminants such as oil,
solvents, pesticides, asbestos, explosives and other petroleum products. Some federal managers
have already utilized biodegradation, specifically in contaminated mines and in oil spills near
national seashores.
The success of biodegradation projects depends on many factors. One of these factors is
whether it is to take place in situ (on site) or ex situ (off site). Both in situ and ex situ
biodegradation requires that climate, soil density, and nutrients are suitable to ensure
effectiveness (EPA 2012b). While in situ biodegradation can be useful in small scale projects, ex
situ biodegradation is typically safer for the environment, less costly, and has less potential for
legal and regulatory set-backs. Additionally, ex situ biodegradation allows for better control of
variables versus in situ. Waste Management (WM), the largest solid waste services company in
the United States, utilizes ex situ biodegradation for many contaminants. WM states their
preference for ex situ biodegradation is due to lower costs and control of the environment.
Another important factor that influences the success of PET biodegradation is whether
the project will be intrinsic (takes place naturally) or engineered (with human intervention).
Some microbes do not naturally consume or degrade certain contaminants, but can be engineered
to do so through an injection and extraction well to enhance microbial growth (Figure 11). The
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National Research Council (1993) states that biodegradation occurs quicker in engineered
systems.

Figure 11: Intrinsic biodegradation (left) versus engineered biodegradation (right). In engineered biodegradation,
the oxygen, nitrogen, and phosphorus are circulated through the subsurface through an injection and extraction
well to promote the microbe's growth (National Research Council 1993).

In this analysis, options for the ex situ engineered biodegradation of PET water bottles
from national parks will be explored due to it being the preferred method of biodegradation for
both environmental and economic purposes. Utilizing space at current landfills would require the
cooperation and interest of the landfill owner, and would also require that environmental and
commercial legal obligations be met. Because of this, creating new biodegradation sites within
the park may be the best method. The close proximity would reduce transportation costs and
would also allow for an easier introduction of the biodegradation site as a site where visitor
communication can take place. Messages shared at this site could include the potential for long
term waste and litter reduction, biodegradation education, and exploring the links between plastic
water bottle waste, landfills and human health. This would lead to the potential to educate
visitors on impacts from disposable plastic bottle waste and sustainability.
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Although the biodegradation of PET is a fairly recent concept, it has been proven that
various bacterium, fungi, and caterpillars can assist with the breakdown of other polymers.
Aspergillus tubingensis is a fungus that can digest polyurethane, while Galleria mellonella, a
caterpillar, can digest polyethylene. Petalotiopsis microspore is a fungi capable of degrading
polyester polyurethane.
Ideonella sakaiensis is a bacteria that scientists claim is capable of breaking down PET.
Researchers from the Kyoto Institute of Technology (2016) collected 250 samples of PETcontaminated soil, wastewater, sediment, and activated sludge from a PET-bottle recycling site
in Japan. The samples were screened to find microbes that could use low-crystallinity (1.9%)
PET film as their source of carbon. One sediment sample degraded in the PET film at a rate of
0.13 mg cm-2day-1 at 30 degrees Celsius. This sample contained what researchers named “no.
46”, a “consortium” made up of protozoa, yeast-like-cells, and bacteria. Ideonella sakaiensis
201-F6, an aerobic, gram-negative beta-proteobacteria, was then isolated from the consortium by
using limiting dilutions cultured with PET film to attract microbes dependent on PET.
Two key enzymes were found in the bacteria. Ideonella sakaiensis adheres to the PET
material, then secretes the first enzyme, named PETase by Yoshida et al. (2016), which generates
MHET (an intermediate mono terephthalic acid). The MHET is then taken up by the cell and
hydrolyzed by the second enzyme, MHETase. This starts the degradation of the PET fibers to
build the first monomers (Figure 12). Ideonella sakaiensis then catabolizes the monomers and
uses them as its source of carbon for energy (Bornscheuer 2016). The PET film, which was about
the size of a thumbnail, was almost completed consumed after 6 weeks at 30 degrees C, or 86
degrees F (Figure 13).
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Figure 12: Ideonella sakaiensis producing hydrolytic enzymes to catalyze the degradation of PET fibers to form
starting monomers. The bacteria then catabolize the monomers for food and energy as its only carbon source
(Bornscheuer 2016)

Figure 13: Ideonella sakaiensis 201-F6 degrading PET film (Yoshida et al. 2016)

According to Drahl (2018), researchers at Carbios, a French firm, state that they have
optimized an enzyme that depolymerizes 97% of 200 kg of PET starting materials into
monomers in 24 hours. As of right now, Dr. Miyamoto, a lead scientist in the Kyoto study, states
that while the crystal structure of PET plastic bottles would not degrade as quickly as PET film,
there is an option to heat-treat the bottles to break down the crystalline structure. Once this step
is completed, Ideonella sakaiensis would be able to decompose the plastic more efficiently
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(Sullivan 2016). Given that this approach has not undergone a comprehensive LCA, more
information regarding heat treating and the time of a full bottle degradation would need to be
obtained to move forward with this approach.
The developments in studies surrounding Ideonella sakaiensis are encouraging enough to
recommend considering it as a tool for degradation in the future. Perhaps most important in the
success of these efforts would be the need for numerous stakeholders and experts’ involvement.
The implementation of biodegradation practices within national parks would require support
from current waste management experts, microbiologists, park staff and volunteers. These
personnel would likely incur costs for the national parks, however it is possible that national
parks could partner with local universities, high schools and colleges to decrease needs for
funding in exchange for credits and experience. This would also create an opportunity for the
national parks to be in the media, which would help spread awareness of the plastic waste
problem not only in national parks, but globally.
The first step in biodegradation implementation would be to obtain Ideonella sakaiensis.
This could be achieved by building a relationship with the Kyoto Institute of Technology, due to
their first successes in the bacteria’s discovery, cultivation, and application. However, it may
also be possible to obtain the bacteria at plastic bottle recycling centers, which is where it was
first found.
Once acquired, the bacterium is quite simple to grow and easy to contain (The Rachel
Carson Center 2018). In the Kyoto study, the bacterium degraded PET within a warm jar.
Therefore it is possible to assume that large containers, such as 40 foot recycled shipping
containers, could be utilized to hold the disposable PET plastic bottles acquired from national
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parks until the bacterium was applied. Most shipping containers are made out of steel or
aluminum, which should decrease the likelihood of the container itself being consumed by the
bacteria. This hypothesis would need to be tested to ensure that the containment of the bacteria
was not compromised.
The standard dimensions for a 40 foot shipping container are 39’ x 7’8” x 7’9”, holding
2,376 cubic feet of goods (Shipping Container Housing 2015). Just one cubic foot can hold 7.48
gallons, and disposable PET plastic bottles are typically 12-16 oz. Therefore, one shipping
container would hold around 2,500 uncompressed PET bottles. That number is likely to rise as
the bottles would be empty and compressed. The typical cost for a 40 foot recycled shipping
container is around $5,000, but models equipped with electrical wiring for heating purposes
would likely be closer to $6,000.
It would be essential for the container to be climate controlled, as the Kyoto study stated
that Ideonella sakaiensis has shown to be most successful in the degradation of PET at around 86
degrees Fahrenheit. To achieve this, the containers could be held in a climate controlled
warehouse near or on national park land, which could eventually be used as an interpretive outlet
for park managers to communicate the extent of how much waste comes from disposable plastic
bottles in national parks. The average cost of manufacturing a warehouse in the United States
decreases in cost/square foot as the size of the warehouse grows. A 100x150 foot building would
cost around $117,800 (Buildings Guide 2019) and would adequately hold three 40 foot recycled
shipping containers used to store and biodegrade disposable plastic bottle waste collected from
the park on a monthly basis. Therefore, each warehouse would have the capacity for at least
7,500 disposable plastic water bottles during each application of the bacteria. Plastic water
bottles make up 30% of the total worldwide PET production each year, totaling 3 billion lbs.
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Each warehouse could hold 0.00002 of this fraction during one degradation period. While this
amount is small, it could grow quickly if enough national parks and other waste managers were
to adopt this biodegradation process.
A potential downfall with using Ideonella sakaiensis is the potential for a hefty energy
footprint due to high temperature requirements. These costs could be offset by utilizing
alternative energy sources such as solar or wind power. While the timing and costs associated
with the application of Ideonella sakaiensis are largely not yet understood, the Kyoto Institute of
Technology (2016) states that “compared with chemical processes, PET degradation using
microorganisms and enzymes consumes less energy and is a more environmentally friendly
option”. In addition, they believe that the present research results bring us closer to achieving an
ideal model for reducing PET waste, as long as they are able to enhance the activity level and
stability of the bacteria. Unfortunately, these statements are not currently backed by energy cost
comparisons or they are not currently available to the public.

Other Alternatives to Landfilling
If biodegradation of PET plastic water bottles through Ideonella sakaiensis were to be
unsuccessful, there is emerging potential for other biorecycling efforts. Two of the most
plausible alternative biodegradation efforts are the possibility of reusing plastic bottles in design
and construction, and the potential to convert PET waste into fuel. Both of these alternatives
would provide the potential for sustainable development in both construction and energy
resources in national parks.
Khalili et al. (2013) state that energy saving walls in both cold and hot climates could be
created with used PET plastic bottles. The bottles would be filled with water to store heat created
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by solar energy. The bottles would be set between transparent twin wall polycarbonate sheets. In
their research they found that during cold weather, the walls stayed insulated and warm, and in
warm weather, the wall was able to transfer the heat outdoors. Building these walls in national
park visitor centers or displays may act as a great example of not only how many plastic bottles
are discarded in parks annually, but also how reusing materials is a potentially sustainable
practice.
There is also potential to convert PET plastic waste into useful fuel products. Owusu et
al. (2018) found that it is possible to convert other types of plastics, such as high density
polyethylene (HDPE), polypropylene (PP), and polystyrene (PS) into a liquid similar to diesel
through pyrolysis. While PET was not included in the study and researchers felt more work was
needed, there is an expectation of more studies like this in future years.

Discussion & Recommendations
Due to the growing interest in visiting national parks along with the growing production
and consumption of PET disposable plastic water bottles, current waste management within
national parks could improve. As acting stewards of our national lands, park managers should
take into consideration the energy used in the PET lifecycle, environmental and economic costs
associated with plastic waste disposal, and visitor perceptions as they progress towards plasticfree parks and alternative disposal and degradation options.
In the performed CBAs (Table 4 & Table 5) there were both internal and external impacts
to focus on. Benefits of a proposed disposable plastic water bottle ban and implementation of
water refilling stations with national parks included increased revenue from reusable water bottle
sales, litter reduction, and a reduction in funding needed for litter management staff. While the
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costs associated with this option included initial funding for merchandise, refill stations and
public outreach, it is likely that the benefits would outweigh these costs in the long term.
Impacts

Benefits

Costs

Internal

Shift of visitor experience from
disposable plastic water bottle
availability to reusable water
bottles

Increased visitor communication
efforts (displays, interpretive
talks, social media posts, park
website announcements)










Installation of water refill
stations




Revenue from reusable water
bottle sales
Litter reduction
Reduction in funding needed for
litter management staff

Public outreach opportunity
Increased engagement with
visitors
Potential for park staff, students
or volunteers to gain experience
in interpretation and visitor
communications

Outdoor water availability at
busiest areas of parks, not just
within concessions
Adds an opportunity for visitor
communication at each station
Encourages sales of reusable
plastic water bottles in national
parks



Loss of revenue from disposable
plastic water bottle sales (will be
remedied by revenue from
reusable water bottle sales)
Potential public backlash due to
changes in water consumption
options

Potential for an increase in payroll for park
staffing, interpretive design & construction
materials





Incurs need for initial installation
and maintenance funding
Potential for long lines during
warm months
Potential for failure or need for
replacement

External
Reduction of plastic waste being
sent to landfills

Adaptation and preparation for changing
global plastic markets

Reduced revenue for landfill operators and
contracted WM companies

Social value of sustainable
thinking

Sets an example of environmental
stewardship for the general public outside
of national parks

Possibility of public resistance/uncertainty

Decrease in energy costs and
emissions due to reduction in
demand for PET production

Decreases in GHG, water and energy needs
associated with PET production,
consumption and disposal

N/A

Decrease in plastic waste in
oceans and terrestrial
environments

Reduction in animal trauma and death from
plastic consumption and microplastics

N/A

Table 4: Cost-Benefit Analysis of reduced plastic waste in national parks
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External benefits from this option included the reduction of plastic waste in landfills due to less
consumption and demand for disposable plastic water bottles within national parks. In addition,
the banning of disposable plastic water bottles within national parks would contribute to less
greenhouse gas emissions, water and energy usage due to a decrease in demand for the product.
The CBA performed on the biodegradation versus landfilling of disposable plastic water
bottle waste from national parks yielded costs and benefits that were difficult to weigh. Although
the biodegradation of PET within national parks would decrease the funding spent on outside
waste management contractors, the initial funding and high energy costs associated with
maintaining Ideonella sakaiensis would likely result in large initial and ongoing construction,
maintenance, and utility bills. As stated, this could be offset by the revenue gained from reusable
water bottles along with the implementation of solar, wind or other alternative energy sources. In
just one year, GRCA sold $30,000 more in reusable plastic water bottles than their highest sales
of disposable plastic water bottles. Bulk reusable water bottles can be bought for as little as $0.75
each. GRCA was selling the cheapest reusable bottles for $1.99, so it is likely they were making
a net profit. The possibility of excess revenue from these sales could be used to bolster
interpretive efforts within national parks, alleviate costs needed for backlogged maintenance, and
allow for reallocation of funds to higher park management priorities.
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Impacts

Benefits

Costs

Internal


On site biodegradation
operations




Reduction in NPS spending on
WM contractors



Reduces the funding spent on
WM contractors
Creates potential for stronger
relationships between NPS and
educational institutions
Creates potential for positive
media exposure which could
increase visitor rates and
strengthen positive public
perception
Increases funding for
biodegradation operations
Increased transparency in
national park WM practices







Potential for negativity in WM contractor
relationships due to loss in revenue




Construction of biodegradation
facilities





Potential for construction of
green buildings to promote
sustainability
On-site waste management will
create accountability for park
managers
Will likely pay for themselves over
time

Incurs need for funding for staff
training, hiring, and educational
outreach
Incurs need for NPS relationship
with Kyoto Institute and relevant
researchers
Lack of research causes
uncertainties





Requires high amounts of initial
funding for design, construction,
permitting and inspection
May require a fair amount of
energy due to climate control
needs of Ideonella sakaiensis
Potential for difficulty finding
correct building/holding material

External
Decrease in plastic waste being
sent to landfills

Reduces plastic waste accumulation in
landfills

Decrease in accumulation of
plastics in oceans

Reduction in animal trauma and death from
plastic consumption and microplastics

Potential losses in revenue for postconsumer PET producers & landfill owners

N/A

Social value of sustainable
thinking

Sets an example of environmental
stewardship for the general public outside of
national parks

Possibility of public resistance/uncertainty

Table 5: Cost-Benefit Analysis on bioremediation within national parks
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While the environmental, social, and economic issues surrounding landfilling do not
directly affect park users while they are in national parks, it is important to tie this part of the
PET lifecycle into plastic waste management within national parks because it encourages park
users to understand the cause and effect of plastic water bottle consumption. This can be done
through education and/or interpretive programs centering on landfill management and
biodegradation geared towards both youth and adults based on the findings on willingness and
behaviors from the 2016 NPCA study. The “out of sight, out of mind” perspective that seems to
be associated with current waste management efforts would be addressed, such as GRCA
believing their plastics to be recycled when they are in fact being landfilled.
Lastly, while potentially expensive, the biodegradation of plastic waste from national
parks would create transparency, accountability, and educational opportunities. These goals
could be achieved by the National Park Service through the following recommendations:
1) Increase visitor communication efforts regarding plastic waste through revamped
interpretive signs on plastic waste, landfills, and biodegradation.
2) Increase visitor communication efforts regarding plastic waste through direct
communication efforts through interpretive rangers, volunteers, social media, and
press releases.
3) Ban the sale of plastic bottled water within national parks.
4) Increase revenue by selling reusable water bottles.
5) Increase the number of PET recycling or biodegradation receptacles within national
parks to assist with the proper disposal of PET water bottles brought into the park.
Ensure these stations have user-friendly and various age-appropriate interpretative
signs to further assist with proper disposal.
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6) Install and maintain ample water refill stations in all national parks.
7) Biodegrade PET disposable water bottles that end up within national parks to boost
public awareness and park sustainability efforts. This action will also help to decrease
the amount of PET in landfills, oceans, and terrestrial environments.
8) Maintain and promote biodegradation efforts through social outreach programs

involving volunteers, educators, and employment or internship opportunities.

Conclusion
We live in a world that is adopting more sustainable practices to mitigate the damages
already caused by production, use and disposal of plastics and other products reliant on oil.
While national park managers are already actively shifting their practices to meet environmental,
economic and social needs, they should consider the adaptations that will need to occur to better
manage growing waste from a growing visitor base.
Over the months that this report was written, there have been numerous changes in the
way the public uses, perceives and disposes of plastic materials. In 2019, at least 95 bills were
introduced by state lawmakers to ban plastic bags. California, Delaware, New York, Rhode
Island and D.C. have all enacted bans, fees, or labelling and disposal laws (NCSL 2019). In May
of 2019, Maine banned single-use plastic-foam containers. The European Parliament approved a
law banning single-use plastics in March of 2019. Many other countries, including Rwanda have
also banned single-use plastics, including not only containers and bags, but straws and wrappers
as well. Perhaps a response to the plastic import ban enacted by China in 2018, these bans are
surely an event to be seen more often in the future. However, these bans all fail to include PET
disposable plastic bottles. In June of 2019, Canada’s prime minister announced a ban on all
single-use plastics.
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While PET disposable water bottle waste may only be a sliver of the worldwide waste
problem, it is a sliver worth examining and remediating (Figure 14). Through banning disposable
plastic water bottles within the parks and applying biodegradation techniques to the PET plastic
waste within the parks, the NPS would be setting a precedent for future national park managers
and visitors to follow, and would also be a world leader in plastic waste reduction, education,
and recycling.

Figure 14: Impacts of the reduction of PET waste in national parks
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