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Abstract

Generally, plastics pose a variety of environmental impacts due to their increased use and non-biodegradability. End-of-life
treatment is a viable way of recovering energy from plastics while at the same time reducing the amount of plastics disposed
of in landfills. This paper studies the environmental impact of Non-Recycled Plastics (NRP)-to-energy processes. Three waste
treatment processes were considered for NRP: pyrolysis, waste-to-energy (WtE), and landfill. The environmental impact
assessment results indicated that conversion technologies such as pyrolysis and WtE are preferred over landfill. The total
energy consumed in the pyrolysis process was 24635.7 MJ/tonne. The conversion technologies have a lower environmental
impact and produced net positive energy from NRP. The global warming potential shows that pyrolysis (3.91 kg eq. CO,)
contributes the least to global warming than waste-to-energy (18.56 kg eq. CO,) and landfill (17.5 kg eq. CO,). However,
sensitivity analysis suggested that the inefficiencies of the current conversion technologies should be addressed. Between
the two technologies studied, pyrolysis contributed less environmental burden, having a lower global warming potential, a
higher efficiency in energy conversion, and less harmful emissions such as selenium and methane.

Keywords Non-recycled plastic - Environmental impact assessment - Life cycle impact assessment - End-of-life treatment -
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Introduction

There has been a surge in growth in the use of plastics over
the past few decades. In 1950, only two million metric tons
of plastics were produced. The plastic production growth
increased from 230 million metric tons in 2009 to 359 mil-
lion metric tons in 2019 [1]. In 2017, over 17 percent of the
plastics in the world were produced in Europe and 50 percent
in Asia [2]. A large fraction of plastics present in munici-
pal solid waste (MSW) is not recycled in the commercial
market despite the efforts to increase recycling and reduce
waste generation rates. Capital costs, low prices of prod-
ucts, plastic collection systems, plastic types, and technical
knowledge are the various barriers facing the recycling of
plastics. For example, in the US alone, 35.4 million tons of
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plastics were generated in 2017 and this accounted for 13.2
percent of the total generated municipal solid wastes that
year. Of that 35.4 million, only 8.4 percent (3 million tons)
was recycled, out of which 29.1 percent were polyethylene
terephthalate (PET) bottles and jars, and 31.2 percent were
high-density polyethylene (HDPE) natural bottles. 5.6 mil-
lion tons of the plastics generated were combusted and 26.8
million tons were disposed of in landfills [3]. It is estimated
that around three percent of the total plastic wastes produced
in the world is disposed of in the ocean [4]. In the US, an
estimated 4.5 to 13 million tons of plastics are disposed of
in the ocean annually [5].

NRP refers to plastics that cannot be recycled. This is
because the plastics contain toxic substances that may be
released during recycling. These non-recycled plastics
(NRP) constitute various challenges for ocean and land man-
agement causing significant pollution and a threat to aquatic
life [6]. The transformation of non-recycled plastics (NRP)
to valuable oils has gained attention over the past years
because of the increased production rate of plastics [2]. This
is because NRP is made up of high-energy hydrocarbons that
can be converted to energy, fuel, and chemical feedstock [7].

@ Springer


http://orcid.org/0000-0002-5281-4845
http://crossmark.crossref.org/dialog/?doi=10.1007/s42768-020-00063-8&domain=pdf

Waste Disposal & Sustainable Energy (2021) 3:1-11

The lightweight, low-cost, durable, and chemical resistant
properties of plastics are some of the many inherent reasons
for the increase in demand. Other factors causing an increase
in demand for plastics include an increase in the human pop-
ulation, rapid economic growth, continuous urbanization,
and lifestyle changes. However, plastics have a very short
life span and its disposal in the environment attracts great
concern because of its non-biodegradable nature [8]. The
various uses of plastics are due to their existence in large
varieties and forms. Therefore, it is necessary to look for dif-
ferent environmental disposal methods and possible energy
TECOVEry processes.

The physical and chemical properties of plastic wastes
determine whether plastic wastes should undergo mechani-
cal or chemical recycling, or energy recovery and landfill
disposal. There is no particular method or chosen process for
the treatment of all commercial plastic wastes in the world
today. Nonetheless, the most important non-economic fac-
tor that affects the choice of what approach is more suitable
for particular plastic waste is the composition of the type of
polymer (low density polyethylene (LDPE), PET, polyvinyl
chloride (PVC), HDPE, polypropylene (PP), etc.) and the
non-polymeric material content of a plastic. Environmental
disposal methods include landfills, sewage systems, and dis-
posal into water bodies. Disposal of solid waste such as plas-
tics in landfills releases harmful gases like methane, dioxins,
hydrogen chloride, airborne particles, and carbon dioxide
[8], while combustion of polymeric materials may cause
serious air pollution problems. Due to the related health
issues, environmental concerns, and very poor biodegra-
dability of plastic wastes, disposal in landfills is no longer
desirable [9]. Chemical recycling, a process that converts
plastic wastes into feedstock or fuel has grown significantly
as an ideal process to reduce the net cost of plastics [10].
Due to the high energy hydrocarbon present in NRP, there
have been growing interests in converting NRP to chemical
feedstock, fuel, and energy as an effort to mitigate waste
management issues and at the same time produce valuable
products. Pyrolysis, Waste-to-energy (WtE), and landfill gas
recovery are the three main methods of treating non-recycled
plastics.

Pyrolysis is an endothermic process involving the thermal
decomposition of carbon-based materials in the absence of
oxygen or air. The main products of pyrolysis are syngas, a
gaseous mixture of carbon monoxide (CO) and hydrogen gas
(H,) that can be used for heating or electricity generation,
synthetic oil and char. The proportion of the byproducts of
pyrolysis differs and depends on reactor design, feedstock,
and reactor conditions [11]. In thermal pyrolysis, the feed-
stock is heated at high temperatures (350-900 °C) without
the use of a catalyst. Catalytic pyrolysis involves the use of
a catalyst to improve the pyrolytic process, promote process
efficiency, and reduce the process temperature and time [12].
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Thermal pyrolysis is the most common commercial method
of treating NRP [2]. Examples of these catalysts include
acidic materials (silica-alumina), zeolites (mordenite), and
alkaline compounds (zinc oxide) [10]. The pyrolytic process
can be used to PET, polystyrene (PS), polymethyl meth-
acrylate (PMMA), and some other polyamides like nylon
into their constitutive monomers [13].

WIE involves the combustion of solid wastes under con-
trolled conditions. In the case of plastics, WtE is carried out at
very high temperatures (850-100 °C). The WtE process pro-
duces superheated steam, which is used within a cogeneration
system to produce heat and electricity. The emission of green-
house gases (GHG) is the most felt environmental impact of
combusting municipal solid waste [14]. The CO, produced
in the WtE process is the primary driver of global climate
change. However, WtE can be utilized as a system for energy
generation to replace fossil fuel. The emissions and amount
of energy recovered depends on the efficiency of the WtE
process and the source of energy being replaced [4]. Modern
WIE processes tackled the problem of dioxin and other toxin
releases to a large extent. The technologies employed include
efficient combustion, end-of-pipe treatment, selective cata-
lytic reduction, and the addition of suitable inhibitors [15]. In
the case of the replacement of fossil fuel sources, emissions
to the environment can be reduced. The primary concern of
WIE is the release of toxic substances into the environment.
Incomplete combustion of PE, PP, and PS can release carbon
monoxide (CO) and noxious emissions while PVC can pro-
duce dioxins [16].

Landfill gas occurs naturally as a byproduct of the decom-
position of organic materials in landfills. The gas is com-
posed of approximately 50 percent methane and 50 percent
carbon dioxide [17]. In the US, municipal solid waste land-
fills are the third-largest source of human-related methane,
making up almost 15.1 percent in 2018 [17]. The primary
issue with landfill is the question of the extent to which plas-
tics decompose and the period to calculate it. As commonly
used in life cycle analysis (LCA), a period of 100 years was
considered as the time for the accumulated estimated emis-
sions including gas recovery from landfills. The energy
recovery from landfills has low efficiency compared to WtE.
In addition, 70 percent of the plastics will emit methane with
a yield of 25 kg methane per 1 tonne plastic [11].

Environmental impact assessments are considered to
be one of the most effective management tools for assess-
ing the performance of a product or process on the envi-
ronment [18]. A typical LCA involves a cradle-to-grave
analysis of products throughout its lifetime. Life cycle
stages include the extraction of resources, material pro-
cessing, manufacturing, transport, use, and end-of-life
disposal [19]. LCA accounts for all uses of resources and
all emissions from the system accumulated through the
complete lifetime of the NRP. As a result, LCA can help
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direct policies and technological development to avoid
environmental burden shifting among different stages of
a product’s life cycle as well as the types of the impact it
produces. Results largely depend on local characteristics
of the solid waste management systems. Research studies
have shown that recycling is mostly preferable to landfill
disposal or incineration concerning life cycle energy use
and the causation of global warming [20]. LCA has been
successfully applied to waste thermal technologies in
waste incineration with or without energy recovery [21].
The approach of LCA systematically covers all impacts
related to waste management including all processes in
the solid waste system as well as upstream and down-
stream of the waste management system.

This study aims to use an LCA to assess the environ-
mental impact of non-recyclable plastics-to-energy pro-
cesses. These processes are pyrolysis, WtE, and landfill.
The focus of the analysis is to present a comparison of the
environmental impacts of these three processes. LCA is
often criticized for being time-consuming, challenging to
apply [22], requiring the knowledge of experts and does
not provide direct feedback, or lacks the flexibility to
adjust to design changes in the short term [19]. However,
using LCA software like OpenLCA allows the analysis
to be conducted at a much higher rate, so that it can be
applied on a live basis with constant updates as the design
progresses or new data becomes available.

MSW MRF NRP

Methodology

The standard followed in this study is in accordance with
the standard four-phase LCA procedure of ISO 14,040 [23],
which is outlined below.

System boundary

The system boundary starts with the collection of wastes and
its transportation to a material recovery facility (MRF). The
plastics are then sorted out for mechanical recycling and NRP
are recovered and prepared for conversion to fuel/energy or
disposal to landfills. As shown in Fig. 1, only the conversion of
NRP to energy (pyrolysis and WtE) and disposal to landfill are
considered in this study. However, municipal solid wastes may
be mentioned at various points of the study when the gener-
alization of wastes is being explained. Also, the transportation
of MSW to the MREF site is not considered in the analysis as
well as the transportation of NRP to the Plastics-to-fuel (PTF)
conversion unit because whether the MSW or NRP would be
disposed at landfill sites or used as PTF feedstock, transporta-
tion is inevitable. Plastics in MSW unlike other postindustrial
plastics, which are largely homogeneous and slightly contami-
nated, usually bypass municipal recycling processes and are
moved directly to energy recovery or recycling facilities. The
recovered NRP is moved to the PTF conversion unit. In most
cases, the NRP may undergo pretreatment for size or moisture
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Fig. 1 System boundary. MSW municipal solid waste, MRF material ecovery facility, NRP non-recyclable plastics, WtE waste-to-energy
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content reduction before conversion [7]. The pyrolysis pro-
cess produces synthetic oil and char as co-products while the
WIE process produces heat, which is used to produce steam
for steam turbines. Both processes produce emissions to the
atmosphere. The char and solid residues were sent to landfills.

Goal and scope definition phase

The overall goal of this study is to compare the environ-
mental impacts of several end-of-life treatments for NRP. In
addition, to determine the impact of the conversion technolo-
gies of NRP on public health and the environment. The main
goals are as follows: (1) evaluation of the environmental
impact of the chosen processes (pyrolysis, WtE, and landfill)
for waste treatment (2) comparison of the environmental
impact of the three processes. The functional unit chosen
for this study is 1 ton of NRP.

Life cycle inventory (LCI)

The LCI analysis involves the quantity of materials and
energy inputs into the system and the resulting emission
outputs of the product system. In this study, the data for the
foreground processes including collection, separation, and
treatment of the waste through pyrolysis, WtE, and landfill,
were obtained from the literature. However, collection and
separation were not included in the life cycle analysis, as the
analysis was solely based on an impact assessment of NRP-
to-energy processes. The data collected and compiled for the
pyrolysis, WtE, and landfill processes were collected from
Shonfield [24]. The background process data for upstream
material use is from the Ecolnvent 3.5 database [25]. After
the compilation of all the unit process data, process models
and life cycle inventories were constructed for the various
NRP treatment using OpenLCA 1.10.4 LCA software.

Feedstock
The feedstock for the pyrolysis process includes plastics

from municipal solid wastes and other non-recycled plastics
as obtained from the literature. These plastics include PET,

PVC, HDPE, LDPE, PP, PS, and other plastics. Heteroatoms
such as chorine were present in the feedstock and therefore
included in the final product. The variation in the feedstock
for the WtE and landfill processes presented several com-
plications. Therefore, the average values for the components
in the feedstock were used. The feedstock composition for
the WtE and landfill are LDPE, HDPE, PET, PP, PS, PVC.
Chlorine and HCI are present in the emissions because of
the presence of PVC in the feedstock as shown in Table 1.
Therefore, chlorine was tracked although it is not shown on
the system boundary.

The main feedstock sources are NRP derived from MSW
(50 wt.%) and other NRP (50 wt.%). Other NRP wastes
include 19 wt.% electrical and electronic plastic wastes, 17
wt.% industrial plastic wastes, and 14 wt.% coming from
transportation plastic wastes and agricultural plastic wastes.
The electrical and electronics plastic wastes include cable
insulation from an aluminum core. The component data of
the electrical and electronics plastic waste do not appear in
the final data due to the limited use of this waste by most
companies. The physical properties of the feedstock such as
density, carbon content, and low heating values were based
on the values reported in various literature [26, 27].

End of life treatments
Pyrolysis

The first conversion technology explored in this study to
convert non-recycled plastic waste to fuel is pyrolysis. From
the literature, the existing capacities have ranged from 20 to
641 tonnes of feedback stock per day [21]. The technology
vendors considered operating facilities from pilot to com-
mercial plant stages. Information from vendors as reported
in literature shows that feedstock pre-processing required
shredding, chipping, or pre-melting prior to the pyrolysis
process. In addition, the feedstock composition is 100 per-
cent plastic. The overall energy recovery efficiency of the
different processes studied is for the indicated efficiency
range of 75-92 percent [21]. It is assumed that the pyrolysis
process only accepts plastic wastes and its main product is

Table 1 Properties of feedstock

i 8 Properties Units LDPE HDPE PP PS PET PVC

Reprinted from [1, 26, 27] with

permission Density kg/m® 925 970 905 1055 1305 1380
Molecular weight (monomer) g/mol 28.05 28.05 42.08 104.15 192.16 62.50
Lower heating value Ml/kg 43.50 42.40 43.87 41.40 23.47 19.33
Specific heat capacity Jg'K™! 155 1.76 1.72 1.24 1.13 1.02
Melting point 115 125 163 240 225 210
Weight percentage wt.% 8.7 15.3 40 8 17 11

LDPE low density polyethylene, HDPE high density polyethylene, PS polystyrene, PP polypropylene,
PET polyethylene terephthalate, PVC polyvinyl chloride
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synthetic oil and byproduct is char. The heating value of the
waste (plastics with dust and moisture) is 29.5 MJ/kg.

Waste-to-energy

In this study, WtE is seen as an energy recovery process con-
sidered in the absence of plastic-to-energy processes such as
pyrolysis or gasification. In addition, the part of the plastic
wastes sent to the WtE process were plastics that were not
recycled. The waste stream sent to the WtE process was not
sorted and pretreated. To maximize the usefulness of the
incineration process, the heat produced would be recovered
for energy. It is assumed that the conversion efficiency and
internal energy usage of the WtE process were 18 percent
and 15 percent of the electricity production, respectively [25].

Landfill

The environmental impact of landfill of plastic wastes is
assessed in this study. The efficiency of gas collection from
landfills for municipal solid waste is assumed to be 70 per-
cent [17]. The gas recovered is used to drive gas turbines
for electricity production. The emissions from the combus-
tion of landfill gas include CH,, NOx, non-methane volatile
organic compounds (NMVOC), CO and HCl, SO, [17].

Part of the methane emission isis converted to carbon
dioxide and released into the atmosphere. The material
inputs for the landfill process were the same as those for
pyrolysis and WtE obtained from various literature sources
[24] and are referenced to the Ecolnvent 3.5 database. The
life cycle inventory data for three processes considered are
shown in Table 2.

Impact assessment
The CML 2001 is an impact assessment method which
restricts quantitative modelling to early stages in the cause-

effect chain to limit uncertainties. Results are grouped in
midpoint categories according to common mechanisms

Table 2 Life cycle inventory data Reprinted from [24] with permission

(e.g. climate change) or commonly accepted groupings
(e.g. ecotoxicity). w/o Long-term (LT) method was used for
the impact analysis. The impact categories assess are given
below:

Global Warming Potential (GWP)

Acidification Potential (AP)

Photochemical Oxidants Creation Potential (POCP)

Eutrophication Potential (EP)

Ozone Layer Depletion Potential (OLDP)

Human Toxicity Potential (HTP)

Abiotic Depletion Potential (ADP)

CML impact indicators only concentrate on the midpoints
of the cause-effect chain. These indicators sum up data on
emissions (at the starting point of the cause-effect chain)
to potential impacts in various impact categories such as
eutrophication and ozone layer depletion. However, they do
not assess the endpoints of the end of life treatments like
damage to human health, which are caused by the impacts.

The impact categories in the CML assessment vary
according to the different scales and range from global,
regional, and local. The global impact categories are GWP,
OLDP, and ADP. The regional impact category is AP, and
the local impact categories are POCP, EP, and HTP.

Results and discussion
Normalization for the LCA models

The impact assessment of the end-of-life-treatment model
is presented in normalization and characterization methods.
These methods present the process impact contribution of
potential environmental disturbances through seven impact
categories. Characterization values are shown in Table 3.
The least values indicate the least damaging effect of the
impact categories on the environment while the high values
show the environmental burden implications of the tech-
nologies. These positive values indicate negative effects on
the environment through the impact categories assessed.

Substances Pyrolysis WtE Landfill
Carbon dioxide, (kg/tonne) 11 1900 50
Carbon monoxide (kg/tonne) 0.19 0.20 0.043
Hydrocarbons (kg/tonne) 0.00043 0.0871 0.000043
Hydrogen chloride (kg/tonne) 0.0023 0.0035 0.022
Methane (kg/tonne) 1.80 1.70 4.70
Nitrogen dioxide (kg/tonne) 1.10 0.09 0.14
Particulate matter, PM (kg/tonne) 0.26 0.027 0.0062
Volatile organic compounds, VOC (kg/tonne) 0.56 0.083 0.032

WtE waste-to-energy
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Table 3 Characterization of life cycle assessment models

Impact category WE Landfill Pyrolysis
Acidification potential (kg eq. SO,) 13.88 19.23 4.77
Global warming potential (kg eq. CO,) 18.56 17.50 391
Eutrophication potential (kg eq. PO,*) 0.057 0.24 0.20
Human toxicity potential (kg eq. DCB) 174.23 697.48 80.64
Photochemical oxidants creation potential (kg eq. C,H,) 0.084 0.25 0.074
Ozone layer depletion potential (kg eq. R11) 2.78x 107 3.41x107* 6.67x107
Abiotic depletion potential (kg eq. Sb) 227x107 8.60x 107 1.70x 107
DCB dichloro benzene
2 03 Energy consumption
5 025
g 0.2 Table 4 presents the total energy consumed by the pyrolysis
S o5 process. The total energy covers the overall pyrolysis process
-§_ 01 including pretreatment processes such as size and moisture
. reduction. The consumption of fuels such as crude oil, lignite
Eo 0.05 . is reported in kg/tonne and energy consumption in MJ/tonne.
0 Pyrolysis Landfill WHE Energy consumption was obtained using the equation below:

Fig.2 Eutrophication potential

Table 3 shows that the conversion technology (pyrolysis)
studied has the lowest environmental burden from the
conventional waste treatment processes. Landfill shows a
higher environmental burden as seen in Fig. 2. The disposal
of char and other solid residues from the pyrolysis and WtE
processes to landfill sites contributes to this high effect of
landfill emissions on the environment. The electricity gen-
eration of the WtE process contributed to a large extent of
environmental benefits. In addition, as shown in the charac-
terization table, pyrolysis emitted less carbon dioxide than
WIE or landfill. This is because of the inefficiencies of the
existing WtE processes in existence and the conversion of
methane from landfills to carbon dioxide. Transportation
and pretreatment of wastes were not considered for any of
the treatments studied.

Table 4 Energy consumption of the pyrolysis process

Energy consumption(MJ /tonne)
= Energy content of fuel (MJ/kg)

X consumption(kg/tonne).

From Table 4, the total energy consumed for the pyrol-
ysis of one tonne of plastic is 24635.7 MJ/tonne. The
energy consumed is assumed to have the US conversion
efficiency for the fuel to energy conversion modules and
all transmission and distribution losses are also covered
in the same process. In most cases, recovered energy from
pyrolysis is used to replace purchased energy from the
utility sector and the production of fuels. However, we
only accounted for the energy consumed as part of the
life cycle inventory [24].

Acidification potential

Acidification potential is concerned with emissions that
increase the acidity of water and soil. It is constituted by

Fuel Consumption (kg/tonne) [24] Energy consumption (MJ/tonne) Percentage (%)
Crude oil 350 15,575 63.2

Hard coal 12 351.6 1.4

Lignite 24 640.8 2.6

Natural gas 130 6868.3 27.9

Uranium 0.0024 1200 4.9

Wood 0.0017 0.03366 0

Total 516.0041 24,635.7 100
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Fig.3 Energy consumption for pyrolysis

sodium dioxide, nitrogen oxides, HCl, ammonia, and HF
by their potential to form H* ions. Acidification potential
varies according to the characteristics of different regions
and their atmospheric environments. It is an environmen-
tal issue that can affect quite a large region from where
the acidifying gases are originally released. Acidification
potential is not considered a global problem unlike global
warming or ozone layer depletion. In LCA, acidification
potential is a bit complicated because acid damage only
occurs after exceeding a threshold limit [15].

The CML impact assessment method sums up all exist-
ing emissions regardless of location. Therefore, the results
presented in this study cover the worst-case potential
and not the impacts for any given location. As shown in
Fig. 3 and Table 2, landfill (19.231 kg eq. SO,) and WtE
(13.881 kg eq. SO,) have the worst performance because
of their high acidifying emissions. Landfill emits more
acidifying agents compared to WtE and nitrogen oxides
alongside sulfur dioxide are the most important contribu-
tors to the acidification potential impact category. Pyroly-
sis generated the least acidification potential (4.774 kg eq.
S0O,). Other emissions like ammonia, hydrogen sulfide,
and HCI contribute the least to acidification potential.

25
20
15

10

, N

Pyrolysis

kg eq. sulphur dioxide/tonne

Landfill WHE

Fig.4 Acidification potential

Global warming potential

The importance of the global warming potential is depend-
ent on the period in which the global warming potential
effect is assessed. Global warming potential factors for
shorter times (20-50 years) indicate the short-term effect
of greenhouse gases on the climate. Longer periods,
100-500 years, are used in the global warming poten-
tial prediction of cumulative effects on the global cli-
mate. GWP is used to determine the climatic impact of
a substance.

It is the measure of the effect on the radiation of a par-
ticular quantity of substance over time relative to that of
the same quantity of carbon dioxide. The time spent by the
gas in the atmosphere and the ability of the gas to affect
radiation are the factors on which GWP is dependent. The
gases that contribute to global warming are CO,, CH,, and
N,O. These gases have a global effect on the environment
no matter where they are released. Carbon dioxide is the
most important greenhouse gas, followed by methane.
Other gases such as N,O have a negligible impact. Figure 4
shows that pyrolysis (3.906 kg eq. CO,) contributes less
than WtE (18.565 kg eq. CO,) and landfill (17.503 kg eq.
CO,) to global warming potential. The large positive value
of WtE is because of the high emission of carbon dioxide.

Ozone layer depletion potential

Ozone layer depletion is a global problem similar to global
warming. It indicates the presence of chlorofluorohydro-
carbons (CFCs) and chlorinated hydrocarbons (HCs) in
emissions. An emission of CFCs, HCs, and other ozone
layer depletion chemicals anywhere will contribute to
ozone depletion globally because of the long lifetimes of
these chemicals in the atmosphere. The ozone layer filters
UV-B radiation and its depletion can cause skin cancer, crop

20
ggls
B
85 10
o B
5 5
235 5
, N

Pyrolysis Landfill WHE

Fig.5 Global warming potential
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damage, and material damage. In this impact analysis, WtE
(0.000278 kg eq. R11) and landfill (0.000341 kg eq. R11)
contributed largely to ozone depletion potential compared
to pyrolysis (0.0000667 kg eq. R11)as seen in Fig. 5. This is
because of the energy consumption in the WtE process. The
presence of PVC in the feedstock resulted in the emission
of chlorinated hydrocarbons and compounds in the landfill
process.

Photochemical oxidants creation potential

Photochemical oxidants or ozone creation is used to esti-
mate the potential of forming atmospheric oxidants by
some airborne substances. Its value for a hydrocarbon
is measured relatively based on the ozone concentration
measured at a single location and varies on the changing
of the emission of the hydrocarbon in question by the
same amount of reference hydrocarbon, ethylene. POCP,
like acidification potential, is not a global issue. Ozone
creation potential in the inventory analysis is made up
largely of hydrocarbon emissions such as non-methane
volatile organic compounds (NMVOC). Photochemical
ozone creation and the photochemical smog that comes,
as a result, depends on the chemical reaction between
the volatile organic compounds and nitrogen with UV
light from the sun as a catalyst. The degree of any photo-
chemical oxidant created depends on the interrelationship
between these factors—the amount of volatile organic
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Fig.9 Human toxicity potential

compounds (VOC) emissions, the background level of
nitrogen oxides, and the amount of received sunlight. Fig-
ure 6 shows the contribution of the processes studied. In
this study, sulfur dioxide and nitrogen oxides contributed
largely to the creation of photochemical oxidants. These
emissions are seen significantly in the landfill process
(0.251 kg eq. C,H,). Pyrolysis (0.0737 kg eq. C,H,) and
incineration (0.0840 kg eq. C,H,) show less significant
contributions.

Abiotic Depletion Potential

Abiotic depletion simply refers to the consumption of non-
renewable resources such as fuels, metals, and minerals. It
is regarded as a global issue and is shown in Fig. 7. The
positive contribution of landfill in this category is because
of the deposition of solid residues from the pyrolysis and
WIE processes that end up in landfills.

However, this value is low due to the use of the heat from
the WtE process to produce steam, which is used to produce
electricity in steam-powered plants for the WtE process.
Pyrolysis (0.00017 kg eq. Sb) and WtE (0.000227 kg eq.
Sb) contributed less significantly to abiotic depletion poten-
tial. The abiotic depletion potential contribution for landfill
(0.00086 kg eq. Sb) is more significant due to leachate from
landfills to water bodies.
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Fig. 10 Normalization graph. 120.00%
AP acidification potential, GWP
global warming potential, EP 100.00%
eutrophication potential, HTP
human toxicity potentialPOCP 80.00%
photochemical oxidants creation
potent%al, ADP abiotic depletion 60.00%
potential, OLDP ozone layer
depletion potential 20.00%
20.00% I
0.00%
AP
M Pyrolysis ~ 25.00%
H Landfill 100.00%
WHE 72.00%

Human toxicity potential

Human toxicity deals with the effect of toxic emissions
that go to air, water, and soil. Toxicity factors are calcu-
lated using the acceptable daily intake or daily tolerable
intake of toxic substances. The human toxicity impact
category is dependent on location and it is not a global
issue. Human toxicity potential in LCA is difficult to
calculate because people respond to toxic chemicals in
different ways and chemicals can be very toxic. Accord-
ing to Fig. 8, WtE (174.23 kg eq. DCB) and pyrolysis

Table 5 Characterization of sensitivity analysis

HTP

GWP EP POCP ADP OoLDP
21.00% 81.00% 26.00% 29.00% 20.00% 20.00%
94.00% 100.00% 100.00% 100.00% 100.00% 100.00%
100.00% 24.00% 25.00% 34.00% 26.00% 82.00%

(180.64 kg eq. dichloro benzene (DCB)) contribute less
significantly to human toxicity. This impact is mostly con-
tributed by arsenic, cadmium, selenium, nitrogen oxide,
and hydrogen fluoride. Nonetheless, antimony and vana-
dium are the main cause of human toxicity by the WtE
process because residues from WtE go to landfills. Land-
fill (697.48 kg eq. DCB) contributed more significantly
to human toxicity potential. Dichlorobenzene is the key
toxic component contributing to this impact category.
Vanadium compounds are often used to provide smoke
retardant properties to plastics.

Impact category WE Landfill Pyrolysis
Acidification potential (kg eq. SO,) 13.778 19.535 2.547
Global warming potential (kg eq. CO,) 18.209 17.517 1.058
Eutrophication potential (kg eq. PO,*) 0.0248 0.279 0.153
Human toxicity potential (kg eq. DCB) 249.611 709.477 46.004
Photochemical oxidants creation potential (kg eq. C,H,) 0.149 0.253 0.06
Ozone layer depletion potential (kg eq. R11) 1.32x107 1.62x107 5.62x107
Abiotic depletion potential (kg eq. Sb) 1.23x107 8.6x 107 7.035
Fig. 11 Normalization graph 100.00%
for sensitivity analysis. AP 3
acidification potential, GWP - 80.00%
. . o
global warming potential, EP g —
eutrophication potential, HTP g
human toxicity potential, POCP E 20.00%
photochemical oxidants creation ¢
potential, ADP abiotic depletion 5 20.00%
potential, OLDP ozone layer & l I
depletion potential 0.00% = £ = -
AP GwpP EP HTP POCP ADP oLop
m Pyrolysis 13.00% 6.00% 55.00% 6.00% 24.00% 100.00% 3.00%
uWtE 71.00% 100.00% 9.00% 35.00% 59.00% 0.00% 82.00%
Landfill 100.00% 96.00% 100.00% 100.00% 100.00% 0.00% 100.00%

Normalization Graph for Sensitivity Analysis
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Eutrophication potential

Eutrophication impact refers to the consumption of dissolved
oxygen in water by waterborne emissions. These emissions
include phosphorus and nitrogen. The CML impact cate-
gory nitrifies these emissions regardless of location so the
results presented here represent worst-case potential impacts
rather than the actual impacts that would occur at a given
location. It is immediately noticeable in Fig. 9 that land-
fill (0.242 kg eq. phosphate) and pyrolysis (0.196 kg eq.
phosphate) has the largest contribution to eutrophication.
This is because of the leaching of disposed of residues from
pyrolysis and WtE in landfills that eventually go to bodies
of water. Incineration (0.0569 kg eq. phosphate) is seen to
contribute the least to eutrophication while the main con-
tributor to eutrophication is phosphorus. Figure 10 shows a
closer look at the impact categories. This is because of the
leaching of disposed of residues from pyrolysis and WtE in
landfills that eventually go to bodies of water. Incineration
(0.0569 kg eq. phosphate) is seen to contribute the least to
eutrophication while the main contributor to eutrophication
is phosphorus.

Sensitivity analysis

Table 5 and Fig. 11 show the sensitivity analysis of the end-
of-life treatments studied. The pyrolysis and WtE non-recy-
cled plastic-to-energy processes can be improved by 30% in
the next decade. The sensitivity analysis was based on the
assumption of the inefficiencies of the end-of-life treatments
studied. More than 50% of the carbon dioxide emission from
the pyrolysis process can be reduced as seen in Table 3. This
reduces the global warming effect of the pyrolysis process.
This is achieved through the selection and pretreatment of
plastics and the improvement of the pyrolysis process. Abi-
otic depletion potential showed a 100% significant contri-
bution from the pyrolysis process due to the improvement
of the pyrolysis process, as more resources would be con-
sumed. The sensitivity report is based only on the assump-
tion of process efficiency improvement and reduction of
emissions through this improvement and therefore is not
guaranteed to show significant results if the assumptions
are not followed (Fig. 11).

Conclusion

This life cycle assessment covers only waste treatment
options for non-recycled plastics as shown in the system
boundary. The growing generation of plastics and the
residuals of recycled plastics drives the need for improv-
ing treatment options such as the conversion technologies

@ Springer

(pyrolysis and WtE) studied in this paper. Overall, land-
fill was the least environmentally friendly waste treatment
process. However, the global warming potential impact
category presents pyrolysis as the most favorable conver-
sion technology process. This is because of the inefficien-
cies of the current pyrolysis process as a new technology
for the treatment of non-recycled plastics. The results in
this study suggest the need for non-recycled plastics to
undergo the waste to energy processes before disposal to
landfills. Landfill contributes an exceptionally large impact
on the environmental burden (water and soil) through lea-
chates. Carbon dioxide, sulfur dioxide phosphates, anti-
mony, dichlorobenzene, selenium, heavy metals such as
chromium and cadmium, and methane are the most com-
mon emissions reported in this study. Phosphorus and its
compounds are the major emissions to water contributing
to eutrophication. Transportation and other pretreatment
processes such as removal of dirt and drying to reduce
moisture were not considered in this study and therefore,
were not discussed.
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