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Abstract: This study uses the U.S. EPA data and classification of products, which includes three main
categories: durables with a lifetime over 3 years, non-durables with a lifetime below 3 years, and
containers and packages, which are consumed within one year. It builds connections between the
management of waste products and the energy sector, by evaluating the potential contribution of
such products to the U.S. energy grid, and assessing the opportunity to substitute fossil fuels, both
for electricity and residential heat production. Finally, this study conducts a vis-a-vis comparison
between the U.S. and the EU progress on waste management, and the associated GHG emissions.
Sankey diagrams were produced to represent the flows of products management from 1990 to 2018,
and the results were assessed by considering the amounts produced, the composition, and the
disposition methods used, the energy potential of waste products landfilled, and the associated
greenhouse gases (GHG) emissions. The results indicate that the recycling of containers and packages
have increased significantly during the 28-year period and became the dominant method of managing
such products in the U.S. in 2015. Durable and non-durable products are mainly landfilled, and the
situation has remained unchanged in the 2010s. Assuming that 30% of waste products landfilled in
the U.S. were combusted for energy instead, it would have resulted in the substitution of <5% of
fossil fuels used for electricity, but up to a 68% substitution of fossil fuels, such as propane, used for
residential space and water heating. In the U.S., over 85% of GHG emissions are associated with the
landfilling of waste materials, and although improvements in capturing and beneficially utilizing
methane are implemented, the total GHG emissions have remained almost the same since 2015, with
a tendency to increase. The European experience has shown that recycling and waste-to-energy are
complementary in diverting materials from landfills, in enhancing energy security, and in significantly
reducing GHG emissions from waste management. Future directions are discussed.

Keywords: circular economy; sustainable products management; waste to energy; containers and
packages; durables; non-durables; greenhouse gases (GHG) emissions

1. Introduction

The current waste hierarchy upon which the U.S. waste policy and legislation is based,
is often described by the 3Rs: Reduce-Reuse-Recycle. Preventing waste is the preferred
option, then in descending order is “preparing for re-use”, “recycling”, “other recovery”, e.g.,
energy recovery through waste-to-energy (WTE) for non-recyclable waste, and as a last resort
the “disposal” of waste, including incineration without energy recovery and landfilling [1].
Sanitary landfilling is given a lower priority than WTE [2], although it is less costly to
implement. One reason for this is that sanitary landfilling requires a lot of land and also has
much higher environmental impacts than WTE. In addition, the Global Methane Pledge [3]
requires actions to reduce methane produced from several sectors of our economy, with a
great emphasis on landfills, since they are the third largest methane producer in the U.S,,
after agriculture and natural gas and petroleum systems [4-6]. Therefore, sustainable waste
management is usually focused on diverting materials from landfills towards recycling,
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and non-recyclables towards WTE. However, in the U.S., in 2018, approximately 50% of
wastes produced were disposed of in landfills [7,8].

Studies on waste management typically consider materials, which compromise the
products consumed in our societies. For instance, researchers used the types of waste
materials, such as plastics, paper, metals, glass, etc., and evaluated their relationship with
the economic growth in the U.S., by using the consumer price index (CPI) [9]. Similarly,
scientists from the North Carolina State University, used a comprehensive list of waste
materials to develop a solid waste optimization life-cycle framework [10], and later on
a streamlined life cycle analysis (LCA) for solid waste management systems [11], but
also, to evaluate recycling facilities [12]. Other studies have focused on the potential of
waste materials to produce energy and recyclable materials, by conducting country- or
city-level assessments [13-16], or by evaluating different life cycle scenarios in regard to
policy directions, such as the circular economy [17-21]. However, the focus was again
on the specific waste materials, and not on products consumed. Furthermore, there are
no studies to evaluate the energy potential of waste products in the US in regard to their
contribution to the energy mix.

This study uses a classification, which is based on consumer products, such as batteries,
major appliances, etc., and not on the types of wastes produced, such as plastic, glass, metal,
etc. The results of this study can therefore be used to approach a broad range of audience
interested in the management of consumer products in the U.S. In addition, this study
builds connections between the management of waste products and the energy sector by
evaluating the potential contribution of such products to the U.S. energy grid, and assessing
the opportunity to substitute fossil fuels, both for electricity and residential heat production.
Finally, this study conducts a vis-a-vis comparison between the U.S. and the EU progress
on waste management, and the associated GHG emissions, and identifies some of the key
policy elements required to create a more circular/sustainable development path for waste
management in the U.S.

2. Materials and Methods
2.1. Product Classification and Sources Used

Data from the U.S. EPA were used [8]. The products were classified into three main
categories, according to the U.S. EPA definitions: durables, non-durables, and packaging
and containers [22]. Durables are products with a lifetime above 3 years, and durables
are products with a lifetime below three years. Containers and packaging are products
with a lifetime within a year, usually, but they are classified as an independent category,
which relates to the high number of wastes produced [13]. In total, twenty-two products
were assessed in terms of amounts produced and disposition method, by using data from
U.S. EPA, from 1990 to 2018 [13]. Durables contain seven products, non-durable eight, and
packaging and containers include seven products. The numbers refer to the total products
collected for recycling, landfilling, and energy recovery. A list of the products considered
in each category is provided in Table 1. A period from 1990 to 2018 was considered for the
analysis, but additional years were considered, such as 1980, and 2005, to support some of
the observations of the study. Data on the composition of the broad categories assessed,
related to the materials, such as plastics, glass, etc., included in durable, non-durable
products, and containers and packages, were obtained from the U.S. EPA [23]. However,
data for 2018 are only available.

The Python package used for producing the Sankey diagrams is Holoview [24], which
uses the Bokeh package as the dependency [25]. For all the other figures, the Matplotlib
package is used [26].
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Table 1. Products considered in this study [22].

Category Product Products Included
Major appliances or white goods Refrigerators, washing machines, and water heaters
Small appliances Toasters, hair dryers, and electric coffee pots
Furniture and furnishings Sofas, tables, chairs, and mattresses

Durables Carpets and rugs N/A
Rubber tires N/A

Batteries, lead acid

Automobiles, trucks, and motorcycles

Miscellaneous durables

Electronics and consumer electronics such as television
sets, videocassette recorders, personal computers,
luggage, and sporting equipment

Non-durables

Newspapers/mechanical paper

N/A

Other paper

Brochures, reports, menus, invitations, posters,
photographic papers, cards, and games

Disposable diapers

Infant diapers and adult incontinence products

Plastic plates and cups

Plastic plates, cups, glasses, dishes and bowls, hinged
containers, and other containers used in food service at
home, in restaurants and other commercial
establishments, and in institutional settings such

as schools

Trash bags

High-density polyethylene and low-density polyethylene
for both indoor and outdoor use

Clothing and footwear

Textiles, rubber and leather are the major material
components of this category, with some plastics present
as well

Towels, sheets, and pillowcases

N/A

Other miscellaneous non-durables

The primary material component is plastics, although
some aluminum, rubber, and textiles are also present

Containers and packaging

Beer and soft drink bottles, wine and liquor bottles, as

Glass packaging well as bottles and jars for food and juices, cosmetics, and
other products
Steel packaging Steel food cans and other cans, and other steel packaging

(e.g., strapping, and steel barrels and drums)

Aluminum packaging

Beer and soft drink cans (including all carbonated and

non-carbonated soft drinks, tea, tonic, waters and juice
beverages), other cans, and foil and closures (including
semi-rigid foil containers, caps, closures, and

flexible packaging)

Paper and paperboard packaging

Corrugated boxes, milk and juice cartons, and other
products packaged in gable top cartons and liquid food
aseptic cartons, folding cartons (e.g., cereal boxes, frozen
food boxes, some department store boxes), bags and
sacks, wrapping papers, and other paper and paperboard
packaging (primarily set-up boxes such as shoe, cosmetic,
and candy boxes)

Plastics packaging

Polyethylene terephthalate (PET) soft drink and water
bottles, high-density polyethylene (HDPE) milk and
water jugs, film products (including bags and sacks)
made of low-density polyethylene (LDPE) and other
containers and packaging (including clamshells, trays,
caps, lids, egg cartons, loose fill, produce baskets,
coatings, and closures) made up of polyvinyl chloride
(PVC), polystyrene (PS), polypropylene (PP), and
other resins.

Wood packaging

Wood pallets and wood crates

Other miscellaneous packaging

Bags made of textiles and small amounts of leather
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2.2. Changes in the Total Amount and Disposal Rates of Products Managed in the LS.

Python was used to conduct material flow analysis and describe the flows of durable
and non-durable products, containers, and packaging, from the collection to the disposition.
Sankey diagrams were produced, the recycling, landfilling, and energy recovery rates were
estimated, and the changes in the rates and amounts were compared in four intervals:
1990, 2000, 2010, and 2018. Data on the composition of the broad categories assessed;
in terms of materials included, such as plastics, glass, metal, paper, etc., along with the
disposition of these materials, were evaluated. Graphs summarizing the results were
produced, using Python.

2.3. Potential Contribution of Waste Products to the U.S. Energy Grid

Data from the Energy Information Association (EIA) were used on the electricity and
residential space and water heating demand [27] in the U.S. For the conversion of the
amount of fossil fuels used, such as cubic feet of natural gas, to the amount of energy pro-
duced, such as MWHh, the EIA energy conversion calculator was used [28]. A hypothetical
scenario was developed, where 30% of the residual products, i.e., products with no value
in the market or recycling potential, would be combusted for energy instead of landfilled.
This assumption is based on three key points:

(i) WTE is a more preferable option for non-recyclable materials, compared to landfilling,
according to the U.S. EPA hierarchy [1].

(i) The most successful paradigms of sustainable waste management achieved up to
60-70% recycling and the rest is used as fuel in WTE plants [29].

(iii) Recent studies concluded that even if nations achieve ambitious recycling targets by
2035, there will still be a fraction of up to 30% at least, of residual materials, which
should be used as fuels in WTE plants [30].

Therefore, the 30% WTE represents a rather conservative scenario for the use of WTE
in diverting materials from landfills. A second assumption was made in regard to the
energy recovery of combustion-based WTE plants. WTE recovers two forms of energy
from the combustion of residual MSW (depends on the calorific value): (a) electricity
(~0.5 MWh/tonne of waste), and/or (b) steam (~1.5 MWh/tonne) that can be used for:
(i) district heating/cooling, and/or (ii) the industries, such as desalination, wastewater
plants, paper mills, etc. [31]. Thus, these energy factors, along with the amounts landfilled
in 2018, were used to estimate the potential contribution of waste products to the U.S.
energy grid. It should be noted that these factors are typically used to evaluate with
the ‘rule-of-thumb’ the viability of WTE plants. The energy potential of waste products
is mainly driven by their calorific value [27,30,31]. Thus, in practice, these factors are
expected to be higher, considering that the categories assessed in this paper do not contain
any organic fraction, which relates to a low heating value, compared to other consumables,
such as plastic and paper materials [27,31].

2.4. GHG Emissions from Waste Management in the U.S. and the EU

Data from the U.S. EPA were used, on the total amount of wastes produced, recycled,
combusted for energy, and landfilled [32], but also on the associated GHG emissions [33]
from 1990 to 2018. In comparison, data from the Eurostat were used to assess the re-
lationship between waste disposition methods [34] and associated GHG emissions [35].
Both the EU and U.S. National GHG Inventory Systems, consider the direct impacts from
waste management activities, and exclude indirect benefits, for example, the substitution
of primary resources from recycling products, and the substitution of fossil fuels by WTE.
Both inventories are consistent with Intergovernmental Panel on Climate Change (IPCC)
“good practice,” the 2006 IPCC Guidelines for National Greenhouse Gas Inventories, and
the latest United Nations Framework Convention on Climate Change (UNFCCC) trans-
parency requirements. Both inventories use the 100-time horizon to convert emissions to
CO2.¢q- Methane, CHy, has an emission factor of 28*CO; [5]. Python was used to produce
the graphs.
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3. Results and Discussion
3.1. Management of Waste Products in the U.S.
3.1.1. Generation and Management of Total Products in Durables, Non-Durables, and
Containers and Packages in the U.S.

Figure 1 presents the Sankey diagrams produced to represent the flows of products
in regard to the disposal method in the U.S. for four periods: 1990, 2000, 2010, and 2018.
Additional graphs for 1980 and 2005, are included in the Supplementary Materials, S1.
The total amount of products in the municipal waste stream increases steadily with years.
Among the main categories of products, the amount of durable goods increased by over
90%, in the 28-year period. Non-durable goods slightly decreased, by approximately 3.3%,
and containers and packaging products increased by approximately 27%.

ombustion wi nergy Recover) 12 144 kilotor

(b)
Figure 1. Cont.
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Combustion with Energy Recovery 3

(d)

Figure 1. Products in the municipal waste stream, types, and disposition, in thousands of tonnes,
years: (a) 1990, (b) 2000, (c) 2010, and (d) 2018.

Waste management in the U.S. mainly relies on landfills, and the current efforts
mainly focus on improving the capture and utilization efficiency of methane produced in
landfills [36]. The landfilling of products in the U.S. has remained almost the same since
1990. The amount of products landfilled indicated an increase during the 1990s and 2000s,
and a decrease during the 2010s. This is mainly associated with the decrease in the amounts
of non-durable and containers and packaging products landfilled, and the increase in the
amounts of durable products landfilled. Specifically, the landfilling of durable products
increased by slightly over 70%. The landfilling of non-durable products increased by
approximately 10% during the 28-year period, and the amount of containers and packages
landfilled decreased by approximately 23%.
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A significant increase of over 80% in the amount of products recycled in the U.S. was
observed during the 1990s, and an increase of approximately 23% was observed during
the 2000s. The amount of recycling slightly increased, by approximately 5.8% during the
2010s, but with the tendency to decline, mainly as a result of the National Sword policy of
China, which affected the recycling rates since the demand mainly for plastic and paper
wastes declined [37], whereas the supply increased [38,39]. In the main categories assessed,
over a 200% increase in the recycling of durable products was observed from 1990 to
2018. An increase of approximately 60% was observed in the recycling of non-durable
products during the 28-year period, and an increase of approximately 165% was observed
in the recycling of containers and packages. WTE rates have remained almost unchanged
since 2000, which is mainly due to the public opposition these projects face [40,41]. The
combustion of waste products for the production of energy increased significantly during
the 1980s, by approximately 950% (Sankey diagram in Supplementary Materials) and an
increase of approximately 22% was observed during the 1990s. Since then, the amount
decreased by approximately 18% in the 2000s, and increased by another 18% in the 2010s,
indicating no particular increase in the amount since 2000. In the main categories assessed,
in 2018, the amount of durable combusted almost doubled, whereas both the combustion
of non-durable products and containers and packaging, decreased by approximately 4%
and approximately 8.5%, accordingly.

3.1.2. Composition of Durables, Non-Durables, and Containers and Packages, and
Management of Materials Contained in Broad Categories

Figure 2 presents the composition of waste products in the U.S. in 2018, by considering
the types of materials contained in the broad categories assessed. Durable products contain
mainly steel, slightly below 30%, plastics, approximately 24%, and rubber and leather,
approximately 14%. Wood (11.4%), textiles (6.8%), other non-ferrous, mainly lead from
batteries (approximately 4.4%), glass (4.3%), aluminum (approximately 3%), and other
materials (2.3%), are also included in durable products. Non-durable products contain
mainly paper and cardboard, 50.5%, textiles, 25.5%, and plastics, 14.8%. Other materials,
6.8%, and rubber and leather, 2.3%, are also contained in non-durable products. Containers
and packages mainly contain paper and cardboard, 51%, plastics, 17.7%, wood, 14.1%, and
glass, 11.9%. Steel, 2.7%, aluminum, 2.3%, and other materials, 0.4%, are also included in
containers and packages.

® Other materials
Textiles

mWood

m Rubber and Leather

m Plastics
Other Non-Ferrous
Aluminum

m Steel

m Glass

m Paper and Paperborad

Durables Nondurables Containers & Total

Packaging

Figure 2. Composition of waste products in the U.S. in 2018. Other non-ferrous include mainly lead
from lead-acid batteries.
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Figure 3 shows the disposition of materials produced in the U.S. in 2018, under the
broad categories assessed. The recycling of paper and cardboard is mainly contributed
by containers and packages, which indicate slightly over 80% recycling, and the rest is
contributed by non-durable products, which indicate a recycling rate of approximately 45%.
The landfilling of paper and cardboard in containers and packages, is slightly above 15%,
and combustion for energy, approximately 5%. Approximately 35% of paper and cardboard
contained in non-durable products is landfilled, and approximately 10% is combusted

for energy.
% of material managed
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
TE Durables | | | [ [ [ | | [
5§
52 Non durables _:—
2%
& § Containers and packages —:—
Durables [T —
2
5 Non durables
Containers and packages _:_
Durables _:_
g Non durables
@
Containers and packages | I —
[
§ Durables
g Non durables
=
< Containers and packages |
g - Durables —_
= =2
5 = Non durables
£& "
<) Containers and packages
z Durables _
z Non durables _:—
& Containers and packages _
E ™ Durables _ |
< o
g § Non durables
é =~ Containers and packages
_ Durables |
§ Non durables
Containers and packages —:—
- Durables _ ]
2
% Non durables _:—
v
& Containers and packages
Durables |

Other
materials

Non durables

Containers and packages

BRecycling OWtE = Landfilling

Figure 3. Management of materials contained in broad categories assessed, in 2018. Other non-ferrous

conta

in mainly lead from lead-acid batteries.

The recycling of glass (slightly over a 30% recycling rate), aluminum (approximately

35%), and wood (approximately 25%) are only contributed by containers and packages.
However, in these three categories, landfilling was the dominant method of disposition,
with glass in containers and packages indicating an approximate 55% landfilling rate,
aluminum slightly over 50%, and wood approximately 60%. The combustion for energy
of glass, aluminum, and wood in containers and packages, ranged from 10 to 15%. Glass,
aluminum, and wood contained in durable products, are mainly landfilled, indicating
rates between 80 and 85% in 2018. The combustion for energy for these three products,
ranged from 12 to 13% for glass to 17 to 18% for wood. The recycling of steel contained
in containers and packages reached over 70% in 2018, and of steel contained in durable
products slightly below 30%. Slightly over 20% of steel in containers and packages was
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landfilled, and approximately 5% was combusted for energy. The landfilling of steel in
durable products was approximately 60%, and 12% was combusted for energy. The re-
cycling of other non-ferrous metals, in durable products, was slightly above 65%, with
approximately 30% landfilling, and approximately 5% combustion for energy. The recycling
of plastics was very little, with durable products indicating an approximate 5% recycling
rate, non-durable products 2-3%, and containers and packages 12-13%. Landfilling was the
dominant method, with containers and packages indicating an approximate 70% landfilling
rate, and durable and non-durable products, approximately 80%. Approximately 10% of
plastics in durable products, approximately 15% of plastics in containers and packages,
and approximately 20% of plastics in non-durables, are used as fuels in combustion plants.
The recycling of rubber and leather occurs only in durable products, which indicated
approximately 20% recycling. Approximately 30% is combusted for energy, and approxi-
mately 50% is landfilled. Rubber and leather contained in non-durable products is mainly
landfilled, slightly over 80%, and the rest is combusted for energy. The recycling of textiles
in durable and non-durable products, was approximately 15%. Textiles contained in both
products are mainly landfilled, with durables indicating an approximate 60% landfilling
rate, and non-durables approximately 70%. Approximately 25% of textiles in durables,
and approximately 15% in non-durables, were used in combustion plants. The recycling
of other materials occurs only in durables, which indicates a rate of slightly over 70%.
Approximately 25% is landfilled, and slightly below 5% is combusted for energy. Other
materials contained in non-durables and containers and packages are mainly landfilled,
which indicates a rate of approximately 80%, with the rest combusted for energy.

3.1.3. Generation of Specific Waste Products Contained in Durables, Non-Durables,
Containers, and Packages in the U.S.

Figure 4 presents the recycling, combustion, and landfilling rates, and the amount of
products (bubble size) recycled, combusted to produce energy, and landfilled in the U.S. in
1990, 2000, 2010, and 2018. Additional Sankey diagrams of the specific twenty-one subcate-
gories and products in the municipal waste stream, are presented in the Supplementary
Materials, which are used mainly for the discussion on the amounts of waste products
generated and managed in the U.S.

In the subcategories assessment, the amount of all durable products produced was
almost doubled, except small appliances, which indicated an increase of approximately
4600% from 1990 to 2018. The total amount of miscellaneous durables, which is the major
category in the durable products, almost doubled during the 28-year period. The second
in the total amounts is furniture and furnishings, which indicated an approximate 80%
increase. The amount of rubber tires, major appliances, and carpets and rugs increased by
approximately 81%, approximately 59%, and over 100%, accordingly. Batteries, including
lead-acid, increased by approximately 92%.

In the non-durables, the other paper products indicate the highest amounts and a
moderate decrease compared to the amount in 1990; an approximate 21% decrease. Clothing
and footwear indicated a significant increase of approximately 220%, whereas the amount
of newspapers/mechanical papers significantly decreased by approximately 64% in the
28-year period. The first increase can be explained by the use of fast fashion products,
and the second from the use of technology. Disposable diapers and other miscellaneous
nondurables indicated the same amount in 2018, and both products showed an increase of
approximately 52% and 19% since the 1990s, respectively. The amount of towels, sheets,
and pillowcases almost doubled since 1990, and the amount of plastic plates and cups and
trash bag wastes increased by approximately the same rate, 58%, during the same period.
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Figure 4. Recycling, energy recovery, and landfilling rates of products managed in the US in 1990,
2000, 2010 to 2018. Bubble size represents the amount of products recycled, combusted for energy,
and landfilled.

Paper and paperboard packaging, which is the material with the highest amounts
produced in the containers and packaging subcategory, increased by approximately 22%
during the 1990s. It then decreased by approximately 5.6% in the 2000s and increased by
approximately 11.2% in the 2010s. The amount of wood packaging indicated an increase of
approximately 5.3% during the 1990s, and further increases of approximately 13.5% and
18% were observed during the 2000s and 2010s, respectively. Plastics packaging, gradually
increased by approximately 62% in the 1990s, and approximately 22.3% and 6.2% during
the 2000s and 2010s, accordingly. Other packaging products increased by approximately
160% during the 28-year period. Glass packaging decreased by approximately 21% from
1990 to 2010, and then increased by approximately 4.6% from 2010 to 2018. Aluminum
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packaging remained almost the same during the 28-year period. Steel packaging indicated
a decrease in the amount produced by 23.5% from 1990 to 2018.

3.1.4. Change in the Disposal Rates of Specific Products Managed in the U.S.
Durables

The landfilling /recycling rates of major appliances changed from ~65/35% in 1990
to ~40/60% in 2018, since combustion for energy is not used for major appliances. The
landfilling rates of major appliances decreased gradually during the 1990s and 2000s,
indicating a difference of —25% and —15%, respectively, which was accompanied by
an equal increase in the recycling rates. However, during the 2010s, a decrease in the
recycling rates was observed, which amounted at approximately 5%, with a subsequent
equal increase in the landfilling rates. Small appliances did not indicate a notable change
in the landfilling /combustion/recycling rates during the 28-year period, showing ratios
of approximately 70-75/20/5-10%. For small appliances, the landfilling rates slightly
decreased, <2% decrease, during the 28-year period. The rates of recycling small appliances
increased by approximately 5% during the 1990s and the 2000s, but slightly decreased
during 2010-2018. The rates of combustion of small appliances decreased by <3% from
2000-2010% and increased at approximately the same amount from 2010 to 2018. The
rates of combustion of small appliances did not change from 1990 to 2000. Furniture and
furnishings recycling was negligible during the 28-year period, and the difference in the
rates of combustion for energy decreased by <2% during the 2000s and increased by <2%
during the 2010s. These products were mainly diverted from landfills to combustion plants,
considering the similar increase and subsequent decrease in the difference of the rates
during the 2000s and the 2010s, respectively. The landfilling/combustion/recycling rates
were approximately 80/20/<1% for the 28-year period. The landfilling rates of carpets and
rugs decreased by approximately 10% during the 1990s and increased by approximately 2%
in the 2000s, but indicating a decrease of approximately 5% in the 2010s. The reverse but
similar differences observed for the difference in the recycling, and combustion for energy
rates of carpets and rugs during the 1990s, 2000s, and the 2010s, indicating that during
this period, carpet and rugs were repurposed from landfills mainly toward combustion
for energy production and recycling. The landfilling /combustion/recycling rates changed
from 80/10/10 in 1990 to 70/<20/>10%. Similarly, rubber tires indicated a decrease of
50% in the difference of the landfilling rates during the 1990s, and at the same time, an
increase of 15% in the recycling and of 35% in the combustion for energy rates. During
the 2000s, rubber tires were redirected from combustion facilities and landfills toward
recycling, since the difference in the recycling rates accounts for ~17%, which equals
the negative difference obtained from the combustion and landfilling rates. During the
2010s, a decrease in the difference of the recycling rates of rubber tires is observed, which
is associated with the use of products in combustion facilities, ~2%, and landfills, ~1%.
Overall, the landfilling /combustion/recycling rates of rubber tires changed from 80/10/10 in
1990 to 20/40/40 in 2018. Batteries recycling decreased during the 1990s but increased during
the 2000s and the 2010s to almost 100% and remained nearly at the same levels since then.
Miscellaneous durables were mainly redirected from combustion plants towards landfills,
which indicated an increase in the difference of the rates of approximately 10%. The rates
have remained almost the same from 2000 to 2018. The landfilling /combustion/recycling
rates of miscellaneous durables changed from 77-78/20-21/<1% in 1990 to 80/15/5 in 2018.

Non-Durables

Newspapers/mechanical papers indicated a significant decrease of approximately
13% in the 1990s, and a decrease of approximately 10% in the 2000s, in the difference of the
landfilling rates. The landfilling rates showed an increase of approximately 5% in the 2010s.
The recycling rates increased by approximately 20% in the 1990s and by approximately 15%
in the 2000s but decreased by approximately 8% in the 2010s. The rates of the combustion
of newspapers/mechanical papers for energy production slightly decreased from 1990 to
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2010 but increased by ~2% in the 2010s. The landfilling/combustion/recycling rates of
newspapers/mechanical papers changed from 50/10/40 in 1990 to approximately 20/10/70
in 2018. Other paper non-durable goods recycling rates increased by approximately 12%
in the 1990s, and by approximately 20% in the 2000s, but slightly decreased in the 2010s.
Landfilling rates decreased by approximately 12% in the 1990s and by approximately 20%
in the 2000s, with combustion for energy rates decreasing by approximately 5-6% in the
2000s, and by <1% in the 1990s. Landfilling rates further reduced by approximately 15-18%,
and combustion rates indicated a decrease of 4-5%, in the 2010s, which were products
diverted towards recycling. The landfilling/combustion/recycling rates of other paper
non-durable goods changed from 76-77/10/13-14 in 1990 to 45/10/45 in 2018.

The changes in the rates of the other products included in the non-durables were
below +—2%, except for the other miscellaneous non-durables, which showed a decrease
of approximately 5% in the landfilling rates in the 2010s, followed by an increase in the
recycling rates of ~5% during the same period. All the other non-durable products indicated
landfilling rates between 70 and slightly over 80%, combustion rates between 15 and 20%,
and recycling between 5 and 10%. As discussed before, disposable diapers, plastic plates
and cups, and trash bags indicated zero recycling during the 28-year period.

Containers and Packaging

Glass packaging indicated a decrease of approximately 5% in the landfilling rates
during the 1990s and 2000s, which was accompanied by an increase in the recycling rates
by 5-7% during the same periods. Recycling rates slightly decreased, <4%, during the
2010s, with a subsequent increase in the rates of combustion for energy, and an increase of
<1% in the landfilling rates. The landfilling/combustion/recycling rates of glass packaging
changed from 70/10/20 in 1990 to <60/10/30 in 2018. Steel packaging showed a decrease
in the landfilling rates of approximately 30% during the 1990s, and a decrease in the com-
bustion for energy rates of approximately 5%, which were related to an increase of over
30% in the recycling rates during the same period. The decrease in the landfilling rates con-
tinued during the 2000s and 2010s, although at a more moderate rate of approximately 10%.
From 2000 to 2018, recycling rates increased between 5 and 10%, and the combustion for
energy rates decreased by below 3% in both periods. The landfilling /combustion/recycling
rates of steel packaging changed from 70/10/20 in 1990 to approximately 20/6-7/73-74
in 2018. The rates of aluminum packaging landfilled, increased by approximately 5-7%
during the 1990s and the 2000s, and remained nearly the same during the 2010s. At the
same time, the combustion for energy increased but by a small amount of <2%, and re-
cycling decreased by approximately 7-8% in the 1990s and 2000s and remained almost
the same during the 2010s. The landfilling/combustion/recycling rates changed from
45/10/45 in 1990 to approximately 55/15/30 in 2018. Paper and paperboard packaging
landfilling decreased by approximately 10-12% in each of the periods examined, recycling
increased between 10 and 15%, and the combustion for energy decreased by below 3%.
The landfilling /combustion/recycling rates of paper and paperboard packaging changed
from 50/10/40 in 1990 to approximately 15/5/80 in 2018. The rates of landfilling of
plastics packaging decreased between 2 and 7% in each of the periods examined, with
recycling increasing between 5 and 7% during the 1990s and 2000s and remaining almost
the same in the 2010s. The rates of combustion of plastic packaging for energy decreased
by below 2% during the 2000s and increased by below 1% during the 2010s. The landfill-
ing/combustion/recycling rates of plastic packaging changed from 80/15/5 in 1990 to
approximately 70/20/10 in 2018. Wood packaging recycling increased by approximately
10% during the 1990s and 5% during the 2000s, and approximately 3% during the 2010s,
with a subsequent decrease in the landfilling rates. The changes in combustion for energy
were below 1% in the 28-year period. The landfilling/combustion/recycling rates of wood
packaging changed from 80/<20/>1 in 1990 to approximately 60/15/25 in 2018.

The rates of landfilling other miscellaneous packaging products decreased by approxi-
mately 7-8% during the 1990s, which was followed by an increase of approximately 5%
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during the 2000s and a decrease of approximately 4-5% during the 2010s. The recycling of
other packaging products is negligible during the 28-year period. The change in the rates of
combustion of other packaging products for energy had a similar but reverse relation with
the landfilling rates, indicating the diversion of other packaging products from landfills
towards the combustion for energy, but the amount produced and managed was very small
compared to the other products. The landfilling/combustion rates of other miscellaneous
packaging changed from 85/15 in 1990 to 75/25 in 2018.

3.2. Potential Contribution of Waste Products to the U.S. Energy Grid

Figure 5 presents the total energy produced from fossil fuels in the U.S. for electricity
and residential space and water heating, and the potential of WTE to substitute fossil
fuels in the energy mix. In terms of electricity production, WTE is a low-hanging fruit,
considering that it can substitute either up to 2.8% of coal or up to 1.6% of natural gas.
However, WTE can contribute significantly to the substitution of fossil fuels used for heat,
which includes space and water heating. The results showed that the amount of energy
produced from WTE plants can substitute either up to 68% of propane, or approximately
53% of fuel oil, or up to 6% of natural gas. However, cities utilizing WTE heat should
include district heating networks.

fossil fuel

Fuel oil

Propane

Coal

Natural gas

200,000 400,000 600,000 800,000 1,000,000 1,200,000 1,400,000 1,600,000
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Figure 5. Fossil fuels used and WTE potential to substitute fossil fuels in the U.S.: (a) total amounts,
and (b)% substitution by WTE (WTE/fossil fuel).
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District heating (DH) is defined as the distribution of thermal energy from a central
heat source to many residential, commercial, and/or industrial areas, by conveying steam
or hot water through a network of insulated pipes. Hot water DH systems are used widely
in Europe and in Asia and are gaining in popularity in the U.S. The development of DH
systems relies on the fuel dependence of a country. For example, the Danish government
provided strong incentives for the production of energy from alternative sources, including
WTE, as a result of the oil crisis of the 1970s. As a result, in 2015, in Denmark, WTE provided
to the district heating network approximately 35% of the total heating demand. During
summer, the heat is provided for district cooling purposes. Similar is the situation in S.
Korea, where WTE contributes significantly to the DH demand of the nation [13,20,42,43].
The United Nations Environment Programme identifies modern district energy as the most
effective approach for many cities in the transition to sustainable heating and cooling, by
improving energy efficiency and enabling higher shares of renewables. WTE is presented
as a way to produce low-cost heat and often initiate development of a city’s district heating
network, utilizing the energy content embedded in the waste [44].

3.3. GHG Emissions from Waste Management in the U.S. and the EU

After 2015, the GHG emissions from solid waste management in the U.S. has remained
the same, and with a tendency to increase, as shown in Figure 6. The GHG emissions are
mainly driven by the landfilling of waste materials, which is responsible for over 85% of
the GHG emissions produced from waste management. It should be noted that in the U.S,,
the amount of municipal solid waste (MSW) disposed of in landfills increases steadily over
the years, and reached 146 million tons in 2018, according to the U.S. EPA [8]. However,
studies based on surveys concluded that the amount of MSW disposed of in the U.S. is
significantly higher than the U.S. EPA estimate, and ranged between 220 and 262 million
tons in 2012-2013 [45-47]. As discussed earlier, the U.S. federal government and the EU
announced a Global Methane Pledge that aims to cut global methane pollution by at least
30 percent by 2030 [3]. According to current GHG inventories, landfills are the 3rd largest
source of anthropogenic methane globally and in the U.S. [4]. Thus, the Global Methane
Pledge creates a significant opportunity for the U.S. to reduce its reliance on landfills and
reduce the associated methane and GHG emissions [48-50].
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Figure 6. Changes in U.S. generation and disposition of MSW, and associated GHG emissions, from
1990 to 2018.



Energies 2022, 15, 6581

15 of 20

Processed Amount (MMT)

200 A

150 A

100 1

50 1

As a comparison with the waste management situation in the U.S., the data shown in
Figure 7 provide the information on the waste management and the associated GHG emis-
sions across Europe [34,35]. Countries operating the most sustainable MSW management
typically use integrated systems with efficient collection and source separation systems
that achieve maximum, commercially viable, extraction and recycling of valuable materials.
The post-recycled MSW is recovered for energy production in WTE facilities that meet
appropriate environmental operating standards, such as the Industrial Emissions Directive
(2010/75/EC) [51]. As shown in Figure 7, the use of WTE correlates positively to increased
recycling as it enables the recovery of additional materials not targeted by source separation
recycling programs, and actually reduces the amount that goes to landfilling [17,52,53].
Thus, significant reductions in the GHG emissions from waste management were ob-
served in Europe, which indicated a decrease from approximately 140 million tonnes
COs-equivalent in 1995 to approximately 80 million tonnes in 2020, and a downward trend.
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Figure 7. Changes in EU generation and disposition of MSW, and associated GHG emissions, from
1995 to 2020 [34,35].

3.4. Practical Implications

The European experience has showed that federal regulations play a key role in
sustainable waste management [53-55]. For example, in 1999, the EU passed the EU
Landfill Directive (1999/31/EC), which required a progressive reduction of MSW to 75% of
the 1995 disposal level by 2010 and 35% reduction by 2020. The result was some different
solid waste management programs being adopted. There was the Pay-Per-Bag scheme
in Belgium and Italy; a plastic bag levy in Ireland; a weight-based charging scheme in
Denmark and Sweden; and many other MSW management schemes throughout the EU.

In the EU, a planned approach was used with targets set by the national governments
for SWM development and amount allocated to recycling and WTE growth. SWM was
recognized as an integral part of growth, both economically and socially. A combination
of tax policies, tax exemptions, loan guarantees, and pricing on energy and materials
production and effective public and private partnerships (PPPs) were used. For example,
governments increased the landfill tax and considered a credit for recycling and WTE
for energy production, e.g., a feed in tariffs or the issuance of a tradable green certificate
with a guaranteed minimum market value for capacity installed. The European industry
has preferred using public and private partnerships (PPP), and often the design-build-
operate—transfer (DBOT) or design-build-operate—own (DBOO) structure when it comes
to financing SWM projects, as it allows financial risk to be shared among parties [53,56-58].
A similar model was used in China, where a significant growth in the construction of WTE
plants has been observed since 2000. The national government instituted policies, such as a
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credit of USD 30 per MWh of WTE electricity that resulted in the construction, by 2020, of
510 WTE plants with an annual WTE capacity of 193 million tons [59].

Overall, the design of integrated sustainable waste management systems and access
to public funding to support such projects, should be based on a life cycle case by case
value-based and technology-neutral approach in line with the waste hierarchy and the
principles of the circular economy [60-63]. The waste should be recognized as products
and materials with value. In this context, policies should place more emphasis on the
value of potential materials and their contribution to the actual economy (material inputs
and economic outputs) [60,64—67]; counting also for the potential environmental impact
of the preferred treatment methods, e.g., reusables, recyclables/compostable, and com-
bustibles [60,68-71]. By using value-based life cycle models, the interconnections of waste
management with other sectors of the economy can be identified, and thus, create more
robust decision-making on the distribution of financial resources over waste management
and other sectors, such as energy, and transportation [72,73]. In order to manage the risk
of the high investments that may be required for SWM, results-based (blended) financing,
such as environmental impact bonds, can be used, which directly address the construction,
operation, and counterparty risks in infrastructure investments. For instance, municipal
bonds, as used extensively in the U.S. and Europe, can have a significantly positive impact
to advance SMW, and are instruments, which can be used by the public entities in the
U.S., which have the financial, legal, and institutional capacity [74]. Furthermore, the
establishment of (or the coordination with existing) regulatory authorities is often key to
ensure the continuous monitoring of the operations, and to advance the confidence of
the public and the investors. For example, if the waste management plan of a city is the
construction of a WTE plant, an official governmental body should monitor the potential
emissions constantly, and ensure the WTE plant complies with strict pollution standards,
such as the Industrial Emissions Directive [75]. Furthermore, it should ensure that the WTE
bottom ashes are either disposed of properly, or ideally, are turned into valuable products
with the recovery of metals as well as for use in construction of roads, bridges, etc., and fly
ashes from the WTE operation are disposed of in a sustainable and safe manner; in line

with existing stringent leaching standards, such as the Leaching Assessment Framework of
U.S. EPA [76].

4. Conclusions

The aim of this study is to conduct a comprehensive assessment of waste products
and energy recovery from wastes in the U.S. Data on products management in the US
included in the assessment were from 1990 to 2018 and obtained from the U.S. EPA. EIA
data were considered to assess the energy potential of wastes landfilled in the US. The main
conclusions can be summarized as follows:

e  The amount of all durable products produced was increased, and most of the non-
durable and packages and containers products indicated an increase during the
28-year period.

e  The highest increase in the amounts of products recycled was observed with packaging
and containers, which became the dominant method of managing such products in
the U.S. in 2015. Non-durables and durables were mainly landfilled.

e  Clothing and footwear, disposable diapers, plastic cups, trash bags, and other miscella-
neous packaging are materials with negligible recycling rates during the 28-year period,
and the only option to divert these materials from landfills is sophisticated WTE.

e  Ona conservative scenario, WTE can substitute either up to 2.8% of coal, or up to 1.6%
of natural gas for electricity generation. However, WTE can substitute either up to
68% of propane, or 53% of fuel oil, or up to 6% of natural gas used for residential space
and water heating.

e  Over 85% of GHG emissions in the U.S. are associated with the landfilling of materials.
The EU experience has shown that recycling and waste to energy are complementary
in diverting materials from landfills, in enhancing energy security, and the associated
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GHG emissions, which includes both direct, such as the diversion of materials from
landfills, and indirect benefits, such as the substitution of fossil fuels.

e  Value-based life cycle models can be used to evaluate the contribution of waste materi-
als in the U.S. economy, and to identify mutually beneficial opportunities with other
sectors, such as energy and transportation. Result-based financing, such as environ-
mental impact bonds, can be used to address the counterparty risks of the investment
throughout the lifecycle of the project, along with public and private partnerships,
which are associated with multiple benefits, such as a share of risk among the entities.
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//www.mdpi.com/article/10.3390/en15186581/s1, Figures in S1: Products in the Municipal Waste
Stream, in kilotonnes, years: 2005 and 1980; Figures in S2: Products in broad categories examined,
durables, non-durables, containers and packages, in kilotonnes, years: 1980, 1990, 2000, 2005, 2010,
and 2018.
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