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Abstract: The amount of municipal solid waste (MSW) generation in Canada was 34 million tonnes
in 2018. Responsible waste management is challenging, but essential to protect the environment and
to prevent the contamination of the ecosystem on which we rely. Landfilling is the least desirable
option, and diversion through thermo-chemical conversion to value-added products is a good option
for difficult-to-recycle waste. In this study, the amounts, moisture contents, heating values, and
compositions of municipally collected solid waste produced in Canada are reported, a classification
that is suitable for conversion purposes is proposed, and the potential for thermo-chemical conversion
is determined. Much of the waste generated in Canada is suitable for being converted, and its potential
for heat or electricity generation was determined to be 193 PJ/yr and 37 TWh/y, respectively. The
GHG emissions that are saved through diversion from the landfill, while assuming the generated
heat or electricity offsets natural gas combustion, gives a GHG reduction of 10.6 MMTCO2E/yr or
1.6% of Canada’s GHG emissions. The blending of waste in feedstocks can have varying effects
on the amount of biogenic CO2 produced per unit energy in the feedstock, which is an important
consideration for new projects. Other considerations include the heating values, moisture contents,
and contaminant levels in the waste.
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1. Introduction

Responsible waste management is a challenge in modern society as the availability
of inexpensive materials and products has led to significant waste generation without
corresponding technologies for sustainable disposal. As a result, our natural environment
and ecosystems are under stress. While the ideal situation is a closed-loop circular economy,
this scenario requires changes to upstream manufacturing and additional sorting during
collection, which increase costs. Landfilling remains the least expensive option for dealing
with waste. The material destined for landfill often has zero or negative value due to the
disposal costs, but the organic fraction contains chemical energy that can be converted into
value-added products such as fuel, heat, and electricity. The feasibility of this conversion
depends on the properties of the waste—including the heating value, moisture content,
contaminant concentration, and biogenic content—the availability of the waste, government
incentives, and the conversion technology used. The potential opportunity for Canada to
use its waste resources more effectively is explored in this study.

Several recent studies have reported waste management practices in other regions/
countries including Europe [1,2], China [3], Spain [4], Brazil [5], Chile [6], Ghana [7], and
Mexico [8]. Further studies have reviewed diversion practices for municipal solid waste
including bio-conversion [9], incineration [10], gasification [11], and pyrolysis [12]. The rate
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of waste diversion varies significantly from region to region, from near zero in Ghana to
48% in European capital cities [2,7]. With a diversion rate of 27%, Canada is in the middle
of this range. The common findings are that policies are needed to drive waste diversion
and valorization as well as economic considerations are important. Furthermore, variability
in waste handling across jurisdictions complicates the development of comprehensive
regional strategies. Most of these studies investigate waste management practices and
there are no Canadian studies that examine the waste produced from an energy production
perspective. The only other study that examines waste streams from an energy conversion
perspective is on the municipal level for the city of Madrid [4].

Solid waste can be diverted from landfilling through the recycling of inorganic materi-
als and through the composting or conversion of organic materials. Conversion utilizes two
main pathways: biological or thermo-chemical conversion. Biological conversion involves
the use of microbial processes in an anaerobic environment to convert the waste to biogas
(a mixture of methane (CH4) and carbon dioxide (CO2)) and is only suitable for solid waste
with a high moisture (>50 wt% water) content and liquid wastes. In contrast, thermo-
chemical conversion is suitable for a wider range of moisture contents and compositions
(e.g., plastic, wood, and tires, which are not digestible by microbes), which are typical
of a higher fraction of waste. Thermo-chemical conversion involves heating the waste to
decompose the larger molecules into gaseous (CH4, CO, and H2), liquid (bio-oil), and solid
(char and/or biochar) products. Conventional thermo-chemical conversion is carried out
through incineration with heat recovery, but the products (CO2 and H2O) generally have
no value. More advanced conversion technologies that offer lower emissions and more
valuable products include gasification, pyrolysis, and hydrothermal conversion [4,13–16].

The waste management sector is quickly evolving as public demands for more respon-
sible management and increasing resistance to landfill facilities are driving the need for
waste diversion solutions. This study consolidates information on solid waste production
in Canada, analyzes the potential for the different types of waste to be converted to energy,
provides a critical snapshot of the current state of regulations, and highlights the need for
better standardization and classification of waste that considers its conversion potential.
Our study provides an objective analysis of what to do with municipal solid waste (MSW).
In particular, the analysis of energy potential can be used by regulators to create policies
for waste management to drive increased diversion and waste valorization processes.

2. Materials and Methods
2.1. Waste Classification and Data Sources

Waste is defined as a material that no longer has its original inherent value from
the perspective of the person who used the material [17]. Waste contains a variety of
components, which are classified differently according to the source, environmental impact,
transportation restrictions (e.g., import–export regulations), health concerns, or sorting
instructions. For example, the World Bank uses eight categories: food and green, glass,
metal, paper and cardboard, plastic, rubber and leather, wood, and other [18]. In contrast,
Environment and Climate Change Canada (ECCC) uses ten categories: 1. food, 2. diapers
and pet waste, 3. paper, 4. wood, 5. yard and garden waste, 6. textiles with rubber and
leather and other organics, 7. glass, 8. metals, 9. building materials, and 10. plastics [19].

This study summarizes the data reported on solid, post-consumer waste collected
by municipal waste management facilities, with data primarily from ECCC reports [19].
Railway ties and biosolids (the solids remaining from wastewater treatment) are also
included as they are more homogeneous waste products than MSW and, as such, are
better candidates for thermo-chemical processing. In addition, railway ties and biosolids
are both hazardous wastes, thus the cost of disposal is higher (i.e., regular landfilling is
not an option). Hazardous wastes are defined as materials that are corrosive, flammable,
infectious, reactive, and toxic, and that are harmful or have the potential to be harmful to
humans and the environment [20].
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Industrial waste that is collected by municipalities is included, but other industrial
waste is not included as the amounts and composition of this waste are not publicly avail-
able. While there are estimates for the amounts of agricultural [21] and forest [22] residues
in Canada, these residues are not currently collected and therefore, not included in this
study. Furthermore, to be consistent with the waste definition used by the Canadian Coun-
cil of Ministers of the Environment, other solid/semi-solid wastes, including contaminated
soil, industrial sludge, gravel, rocks, nuclear wastes, oil field waste, portable toilet waste,
landfill cover, and wastes that are associated with primary resource extraction or harvesting
are excluded from this paper [17].

The quantities of waste produced in Canada were obtained from Government of
Canada reports and websites [19,23–28]. The governmental data and reports are generated
by compiling the results obtained from waste management surveys conducted in both
government and business sectors [29,30]. It is assumed that 100% of all generated waste is
collected, which is consistent with what the World Bank Group reported for high-income
countries (96%) and for North America (100%) [18]. The properties of the organic compo-
nents of solid waste were obtained from the Energy Research Center of the Netherlands
(ECN) Phyllis database [31] by averaging the database entries in each category. The Phyllis
database is a user-generated database containing over 3000 entries of physio-chemical
properties for a wide variety of biomass materials including virgin, processed, and waste
streams. Other references were used where data was not available in the Phyllis database.

2.2. Energy Potential Calculations

The energy potential of the categorized waste streams was determined using the
quantity of landfill waste multiplied by the average heating value for the waste types (a
sample calculation is given in the Supplementary Material). It was assumed that all the
waste sent to landfills was available for energy production, which provides an upper limit
to the energy potential of all landfill waste in Canada. A number of different conversion
technologies were examined including primary conversion and upgrading or end-use
conversion. Table 1 shows the different primary and secondary conversion technologies
identified for solid waste materials, divided on the basis of moisture content. Wastes
considered to have a high moisture were food waste, pet waste, yard and garden waste,
and biosolids. Only the highest conversion efficiencies for high-moisture and dry feeds
were used to calculate the energy potential to give the highest potential production of fuel
or heat. In practice, a variety of conversion technologies will be selected, depending on
local parameters such as the amount of waste available in the local area, quality of waste,
and local or regional energy product demand.

Dry anaerobic digestion is outside of the scope of this study; however, it gives a higher
overall efficiency of 59–68%, which would be among the higher conversion efficiencies
for high-moisture wastes [32]. Rankine cycle conversion (steam turbine power plants) is
only included for solid products from primary conversion as it can be a fuel replacement
in coal-fired power plants. Rankine cycle liquid-fired power plants are less common, and
gas-fired power plants are typically gas turbine or Integrated Gasification Combined Cycle
(IGCC) facilities as these have a significantly higher efficiency. IGCC plants utilize a gas
turbine for the primary power production, with a Rankine cycle steam turbine utilizing the
waste heat for additional power production and increased efficiency.
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Table 1. Energy conversion efficiencies of several thermo-chemical conversion technologies.

Waste
Primary Conversion Secondary Conversion Conversion

Efficiency Reference

Process Product Upgrading Product

High Moisture
(>50 wt%)

Dry Anaerobic
Digestion

Biogas

Combustion Heat 60% [32,33]
ICE generator Electricity 22% [32,34]
Gas turbine Electricity 40% [32,35,36]

Rankine cycle Electricity 30% [32,37]
Purification RNG 54% [25,32]

Hydrothermal
Carbonization

Biochar
Combustion Heat 50% [38,39]

Rankine cycle 26% [37,38]

Hydrothermal
Liquefaction Bio-Oil

Combustion Heat 43% [33,40,41]
Hydrotreating Liquid Fuels 35% [42]

Hydrothermal
Gasification Syngas

Combustion Heat 32% [33,43]
ICE generator Electricity 9% [34,43,44]

Combined cycle Electricity 24% [36,43]
Fischer–Tropsch Liquid Fuels 13% [45,46]

Upgrading H2, RNG 9% [23,43]

Low Moisture
(<50 wt%)

Incineration Heat
Heat 60% [47,48]

Rankine cycle Electricity 45% [49]

Gasification Syngas

Combustion Heat 56% [33,44,45]
ICE generator Electricity 20% [34,44]

Combined cycle Electricity 43% [35,44,45]
Fischer–Tropsch Liquid Fuels 27% [45,46]

Upgrading H2, RNG 15% [23,43]

Pyrolysis
Bio-Oil

Combustion Heat 49% [32,33]
Hydrotreating Liquid Fuels 35% [42]

Biochar Combustion Heat 45% [39,50]
Rankine cycle Electricity 23% [37,50]

2.3. GHG Emission Calculations

The GHG emissions from converting the energy in landfill waste to other forms were
determined using the Environmental Protection Agency (EPA) Waste Reduction Model
(WARM). This tool allows for the comparison of a baseline waste management scenario
against an “alternative” scenario, which includes several different management practices
including recycling, composting, incineration, or waste reduction. The baseline scenario
included the quantities of waste that were landfilled and diverted for recycling. The
WARM tool calculates the “high level estimates” of the potential GHG emissions from the
landfilling of solid waste due to methane emissions from decomposition in landfills, in
addition to GHG emissions associated with the transportation and application of the waste
to landfills. Also, the WARM tool estimates the energy savings and economic impacts of the
different scenarios, however, this is not relevant to the current discussion. The WARM tool
has 60 different material type inputs, and each category offers different emission profiles
depending on the moisture content and the methane produced through decomposition in
anaerobic conditions. Despite this, the WARM tool categories did not exactly match the
categories proposed here, and more suitable representative categories were used instead.
The WARM tool utilizes the landfill emission factors developed by the EPA [51]. In the
alternative scenario, the entirety of the waste destined for landfills is combusted. Although
the thermo-chemical conversion methods described herein may produce fuel, this fuel will
be combusted and ultimately release it’s carbon as CO2.

Substitutions were made for waste categories in the WARM model that did not match
the waste categories proposed in this study. Specifically, the WARM wood flooring category
was used for railway ties, and the WARM category “other biogenic organic” was used for
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pet waste, rubber and leather, mixed organics, diapers, textiles, biosolids, and household
hazardous wastes, and is referred to as mixed organic in the GHG analysis. Recycling
fractions were also included in the WARM tool to show the relative effect of current
practices.

In addition to the WARM calculations, the GHG reduction potential of utilizing the
heat of waste combustion to replace methane combustion was calculated. EPA emission
factors for methane combustion used for this calculation were 53.06 kgCO2/mmBTU and
1 gCH4/mmBTU, and a methane global warming potential of 25 kgCH4/kgCO2E (CO2
equivalent) was used [52]. CO2 generated from biogenic sources was considered to be
carbon neutral. A 50% biogenic fraction was given to mixed waste streams and a 0%
biogenic fraction was given to plastics, indicating no GHG reduction benefits from its
combustion as compared to natural gas.

3. Results
3.1. Context

Canada is a large (9 million km2) and sparsely populated (37 million people) country
(population density of 4.2 people/km2) with significant vacant land. Not only does Canada
have a high cost for waste sorting for recycling (USD 90–200 per tonne for collection and
transfer [18]), but it also has a low number of incineration facilities—25 in 2020 [53]. As
a result, Canada exports waste to the USA and overseas (approximately 770,000 tonnes
to the USA in 1998 [54]). In comparison, Japan has one of the world’s highest population
densities and a much smaller land mass [55]; therefore, out of necessity over 80% of Japan’s
waste is incinerated [18]. This high rate of diversion was achieved through the investment
in infrastructure and a regulatory environment that made landfilling the least economical
waste management solution.

In Canada, there are several policies that govern solid waste management and energy
recovery. The management of solid waste can be quite complex and involves responsi-
bilities and policy considerations at various levels of government. At the federal level,
responsibilities and governance include regulating the international and interprovincial
movement of hazardous waste and recyclables, providing funding for waste diversion, and
setting greenhouse gas (GHG) emission reduction targets. Municipal waste management
accounts for approximately 28 MMTCO2E (million metric tonnes of CO2 equivalent) or
4% of Canada’s total GHG emissions [56]. Out of the 4% of total emissions from solid
waste, 83% are from landfills [56]. The Government of Canada committed to GHG emission
reduction targets for 2030 and 2050 in the Pan Canadian Framework on Clean Growth
and Climate Change [57] and then released a strengthened climate plan in December 2020,
which included actions to manage waste and resulting GHG emissions, resulting in funding
for programs such as the Food Waste Reduction Challenge and the Plastic Waste Reduction
Challenge [58]. The federal government is also responsible for international considerations
with respect to waste management, such as the Basil Convention, which dictates that the
trade of waste is not allowed, despite evidence that the shipping of waste is commonplace
for many countries, including Canada [59,60].

At the provincial level, responsibilities include regulating waste management facilities
and operation and establishing waste reduction policies and programs. For example, in
Ontario, there are actions that are being proposed and/or are in various stages of implemen-
tation in the Made-in-Ontario Environment Plan to decrease waste production and increase
the overall diversion rate, which includes various aspects of producer responsibility, re-
duction, recovery, and reuse. This plan is critical due to waste diversion rates in Ontario
being stalled in recent years [61]. Prior to this slow-down, from 2002 to 2018, diversion
rates were generally increasing in various provinces and territories, but were still relatively
low [24]. The diversion standards encouraged composting practices for biomass waste and
a landfill ban on recyclable waste. The impact of this policy is substantial in increasing the
diversion of waste from landfills and reducing greenhouse gas emissions. Gregg [62] has
shown that under a capped 450 ppm atmospheric CO2 concentration policy scenario, a full
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utilization of landfilled biogenic waste would produce more than 16 EJ/y globally from
the year 2030 to 2065, which is equivalent to approximately a 4000 MMTCO2E/y emission
reduction from avoided methane emissions, or approximately two-thirds of the gross USA
greenhouse gas emissions in 2020 (~6000 MMTCO2E/y [63]).

At the municipal level, the responsibilities lie in the management, collection, and
diversion of wastes from landfills and influence the management of waste from the in-
dustrial, commercial, and institutional sectors. The municipalities are responsible for the
management of the diverted fractions, including recycling and composting. Local govern-
ments across Canada annually spend approximately CAD 2.9 billion on MSW handling,
which equals approximately CAD 116 per tonne [64]. Most of this cost is for transportation
and collection, with the balance for the operation of disposal and processing facilities,
and tipping fees. Diversion rates range across Canada from 10% in Newfoundland to
nearly 45% in Nova Scotia [24]. The reason for the lack of diversion is due to cost, as the
average cost to divert MSW is CAD 364 per tonne, which is roughly three times the cost of
landfilling [64]. In addition, tipping fees are often different between jurisdictions, which
can result in municipalities exporting their waste to landfills elsewhere in Canada, or for
incineration in the USA. Regulations are key for increasing diversion rates, but these mostly
rely on mechanical recycling, composting, and reduction efforts, which are limited to only
certain un-contaminated waste streams. Energy and chemical recovery are also important
opportunities; however, they are often not viewed favourably in many jurisdictions for a
variety of reasons including regulatory hurdles.

Landfills can be managed to reduce methane emissions through capture and control.
The provinces of British Columbia, Alberta, Ontario, and Quebec in Canada have regu-
lations that require landfills above a certain size to manage methane emissions [65]. The
management of methane is completed through the requirement for landfill gas recovery
systems, where the biogas can then be flared or ideally utilized for energy purposes either
through direct biogas utilization for combined heat and power or through upgrading to
renewable natural gas for pipeline injection. For example, Quebec and Ontario require
landfills that have a waste capacity larger than 1.5 million cubic metres to install gas collec-
tion systems. British Columbia requires landfills with greater than 100,000 tonnes of waste
or greater than 10,000 tonnes of disposed waste per year to evaluate their annual methane
generation and install landfill gas systems if they exceed 1000 tonnes of methane per year.

Thermo-chemical conversion methods in which investments can be made include
incineration, pyrolysis, gasification, and hydrothermal conversion with value-added prod-
ucts of heat, electricity, and/or solid, liquid, or gaseous fuels. The first three methods are
commercial processes, while the last has only been used on a demonstration scale [66–68].
The most widely used method is incineration (combustion) of the waste and subsequent
conversion of the heat produced to electricity using a Rankine cycle. This method is widely
used by forestry mills to produce heat and power from wood-based milling waste [69].
Pyrolysis is the process of converting solid fuels at high temperatures in an inert envi-
ronment to a solid, liquid, or gaseous fuel through carbonization, liquid pyrolysis, and
gasification reactions, respectively. The temperature and residence time of the process
determines the primary product with temperatures of approximately 300 ◦C, 500 ◦C, and
900 ◦C corresponding to the production of mainly solid, liquid, and gaseous products,
respectively. Gasification is the next leading thermo-chemical conversion method for waste
and can be accomplished using a wide variety of reactor designs and configurations. A
thorough review of gasification can be found elsewhere [11]. Hydrothermal conversion
is a process that uses a liquid feedstock (>80% water) with or without a catalyst. It is an
advantage that the feed does not have to be dried, but commercialization is limited due
to challenges with efficiency, process intensification, and cost [70]. There are currently
10 commercial and 10 demonstration hydrothermal liquefaction systems in operation and
only one demonstration-scale hydrothermal gasification system in development [71,72].
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3.2. Solid Waste Generation in Canada

Waste classification is not standardized in Canada and varies between the provinces
and the municipalities within each province. For recyclable materials, there is some uni-
formity, with the primary classifications of plastics, metal, and glass. For non-recyclable
waste, there is a wider variety of classifications used [73–76]. Our proposed classifica-
tion system builds on those that are used elsewhere (Kaza et al., 2019, [19]) and divides
solid wastes according to appropriate diversion strategies. The proposed taxonomy is
presented in Figure 1. The descriptions for the categories used are given in Table S1 of the
Supplementary Materials.
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Figure 1. Solid waste classification based on material types. The colours represent the level of
classification as follows: primary (yellow), secondary (green), and tertiary (blue).

The types of waste generated in Canada are organized in Table 2. Nearly 35 million
tonnes of solid waste were collected in Canada in 2018 from both residential and non-
residential sources. Currently 29% (10 million tonnes) of waste is diverted to composting
or recycling, while the remainder goes to landfills (68%) or is incinerated (3%) [17,19,24,77].
Using the data from Table 2 to compare with the data reported in World Bank, excluding the
categories of other biogenic organic, other combination, non-wood construction, electronic,
unclassified, and hazardous waste (categories that are not included by the World Bank),
the calculated waste generation rate using the data in Table 2 is 1.98 kg per capita per day,
which is very close to that reported by the World Bank—1.94 kg per capita per day—in
2016 [18]. The Canadian waste generation rate per capita (1.98 kg per capita per day) is
roughly three times higher than the global average of 0.74 kg per capita per day and in the
middle of the range of 0.11 to 4.54 kg per capita per day for all countries as reported by the
World Bank [18]. However, if all the categories in Table 2 are included, the Canadian waste
generation per capita increases to 2.58 kg per capita per day.
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Table 2. Solid waste production categorized by material types in Canada in 2016 and percent of waste
disposed for landfill or incineration; bold and normal text indicates primary and secondary waste
classifications respectively [19,27,28,78].

Waste Type Generation
(tonnes/year)

Percent of Total Waste
(wt%)

Percent Disposed
(wt%)

Biogenic organic 20,917,180 60 70
Food 8,322,614 24 69
Paper 6,323,786 18 43
Wood 2,490,000 7.1 100

Yard and garden 996,000 2.9 100
Pet 792,780 2.3 100

Rubber and leather 249,000 0.7 100
Other 1,743,000 5 100

Non-biogenic organic 3,625,479 10 89
Plastic 3,625,479 10 89

Inorganic 2,317,207 6.6 54
Metal 1,439,240 4.1 52
Glass 877,967 2.5 57

Combination 7,083,075 20 77
Non-wood construction 2,873,206 8.2 78

Diaper 718,081 2.1 100
Tire 412,575 1.2 0

Household appliance 330,820 0.9 0
Textile 249,000 0.7 100

Electronic 101,445 0.3 0
Unclassified 156,948 0.4 0

Other 2,241,000 6.4 100

Hazardous 972,200 2.8 -
Railway ties 1 20,200 0.1 0

Biosolids 2 660,000 1.9 -
Household Hazardous 292,000 0.8 -

Total 34,915,141 100 71

- Data unavailable; 1 data from year 1993; 2 data from year 2012.

The largest component of waste is food (24 wt%), followed by paper (18 wt%) and
plastic (10 wt%), as Table 2 shows. Waste that is a combination of organic and inorganic
components comprises 20 wt% of the total waste generated. While the hazardous waste
included is only 3 wt% of the total, the costs for disposal are expected to be much higher
than other waste due to improper disposal. Meakin estimated that 85% of hazardous waste
is dealt with improperly, and the extra cost involved to clean up contaminated landfill sites
ranges from hundreds of thousands to millions of dollars [79].

There is legislation preventing the disposal of tires, electronics, and appliances in
landfills, and so the disposal rate of these items is zero. Recycling programs accept food
and paper, but consumer compliance is not complete, so the disposal rates are 69 wt% and
43 wt%, respectively. The Government of Canada does not track residential or industrial
composting on site (i.e., in households or businesses); the 100 wt% disposal of yard and
garden waste indicates that there is no separation of this waste once collected. Currently,
there are no available data on how household hazardous waste is treated before disposal in
landfills. The waste may be rendered non-hazardous through a physical (separation of the
solid waste from the liquid waste using physical forces and mechanical means), chemical
(neutralization, precipitation, oxidization, reduction, or any chemical alteration), biological
(biodegradation of diluted organic wastes), or thermal (vaporization, oxidation, or other
means to destroy waste) treatment [79]. The treated waste may then be landfilled or sent
for water treatment according to its phase (solid or liquid, respectively) [79].
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3.3. Waste Properties

For the fraction of the solid waste that can be thermo-chemically converted, the
chemical properties—heating value, proximate analysis, moisture content, ash content, and
ash composition—are given in Table 3. The sample sizes are highly variable depending on
the waste type, ranging from none for tires to 43 for food. Waste is highly heterogeneous
and varies over time and location. The composition of waste has even been shown to
vary by income level in the region of disposal [18]. The main properties of waste that are
of interest for thermo-chemical conversion are the heating value, moisture content, ash
content, and chemical composition. Waste does not have a defined chemical structure, and
so the averages of real-world samples from the Phyllis database were used [31]. Where the
Phyllis database lacked datasets, other single-source references were used. Categories with
minimal organic content such as “appliances” and where no reliable property data could
be found were excluded from the analysis; these categories make up a limited fraction of
the overall waste that is generated in Canada.

In general, the heating value, on a dry basis, increases with the carbon and hydrogen
contents and decreases with the oxygen and ash contents. For example, plastics are
approximately 80% carbon and 10% hydrogen, with higher heating values (HHVs) of
~34 MJ/kg [31]. Tires also have a high carbon content (85%) and a similar heating value
(36 MJ/kg). Other organic materials have lower carbon and hydrogen contents and,
correspondingly, lower heating values, which are approximately half of those of plastic and
tires. The HHVs reported in Table 3 are on an “as received” (ar) basis to reflect the effect of
high ash and moisture contents on the energy generating potential.

The reported moisture contents of the waste categories have a wide range, likely
because many factors influence the moisture content of solid waste including the specific
material, storage condition, transfer method, landfill condition, and weather conditions.
Food contains the highest moisture content at 43 wt% with a high standard deviation of
26 wt%, reflecting the variability in the composition of food. For example, the Phyllis
database has multiple entries for “Dutch organic waste”, with moisture contents varying
from 9.7% to 80% [31]. This significant variation, even among the same material category,
leads to a wide variation in the energy potential of the material. For dry thermo-chemical
conversion processes, the moisture content must be reduced to 15–20 wt% or less for
efficient/steady-state conversion [34].
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Table 3. Properties of solid wastes that have the potential to be thermo-chemically converted to value-added products. Mean values are presented with standard
deviations in brackets; HHV is higher heating value, daf is the dry and ash-free value, d is dry, and ar is as received. A dash (-) indicates that a value was not
available or could not be calculated because of the small sample size; bold and normal text indicates primary and secondary waste classifications respectively.

Waste Type
Ultimate Analysis (wt% daf) Cl

(ppm, daf)
Ash

(wt%, d)
HHV

(MJ/kg, ar)
Moisture
(wt%, ar)

Sample Size
Range 1

Reference

C H O N S

Biogenic Organic
Food 50 (5.4) 6.5 (0.7) 42 (6.5) 1.5 (1.1) 0.2 (0.2) 2179 (2748) 17 (17) 9.9 (2) 43 (26) 20–23 [31]
Paper 52 (5) 7.0 (0.8) 40 (6.4) 0.4 (0.2) 0.1 (0.1) 9648 (7971) 13 (5) 15 (3) 8.4 (4.8) 3–6 [31]
Wood 52 (3) 6.1 (0.6) 41 (3.8) 1.1 (1) 0.2 (0.3) 1716 (3927) 8.8 (16) 14 (1.3) 17 (16) 18–36 [31]

Yard and Garden 64 (14) 6.4 (0.4) 29 (16) 1.6 (0.2) 0.2 (0.1) 243 (421) 10 19 (5.4) 16 (15) 1–3 [31]
Pet 48 7.2 32 5.5 1.6 - 9.7 19 11.6 1 [80]

Rubber and Leather 65 (17) 11 (2.6) 15 (12) 7.1 (8.7) 1.9 (0.1) 7107 (3295) 10 (6.1) 15 8.2 (8.4) 1–2 [31]
Other 52 (10) 6.3 (1.0) 40 (9.3) 3.0 (3.3) 1.2 (1.8) 10,969 (16,339) 17 (19) 12 (2.0) 32 (26) 28–47 [31]

Non-Biogenic Organic
Plastics 77 (7.6) 9.7 (3.7) 9.4 (1.1) 2.3 (1.9) 0.1 (0.1) 35,598 (33,711) 11 (7.3) 30 (5.1) 10 1–3 [31]

Combination
Non-Wood Construction 40 7.9 44 2.1 5.5 2204 15 13 17 1 [81]

Diapers - - - - - - 22 5.3 75 1 [82,83]
Tires 85 (2.2) 7.5 (0.5) 4.9 (2.4) 0.5 (0.2) 1.7 (0.1) - 4.6 (3.9) 34 (4.2) 1.2 (0.3) 0–3 [31]

Textiles 54 5.8 1.7 0.2 38 0.4 3.6 17 14 1 [84]

Hazardous
Railway Ties 54 (2) 6 (0.3) 40 (2.1) 0.3 (0.1) 0.1 (0) 317 (214) 1.8 (0.7) 20 (2) 17 (12) 3–7 [31]

Biosolids 55 (11) 7.6 (0.9) 30 (11) 6.5 (1.9) 2 (1) 5551 (9840) 40 (11) 14 (4.4) 13 (20) 7–10 [31]
1 Details are in Supplementary Materials.
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3.4. Contaminants

In the context of thermo-chemical processing, contaminants are defined as inorganic
chemical species that cause damage to humans, the environment, and the process equip-
ment. Since thermo-chemical conversion breaks down organic compounds, the contam-
inants of concern for these processes are inorganic and include sulphur, chlorine, and
other halides, heavy metals, and alkali metals. These components can be present in higher
concentrations in post-consumer waste than in raw feeds (e.g., biomass) due to the presence
of additives and contamination in the waste stream. The major inorganic species vary
between waste types. The contaminants with concentrations greater than 1000 ppm in the
different waste streams are shown in Table S2 of the Supplementary Materials.

Sulphur in waste can lead to corrosion and harmful emissions that must be removed
from the produced fuel or flue gas streams. In reducing conditions found in pyrolysis and
gasification, sulphur can form hydrogen sulphide (H2S), which is highly corrosive and can
damage process piping and equipment downstream of the conversion reactor [85]. In an
oxidizing environment such as in incineration, sulphur forms sulphur dioxide, a harmful
air pollutant responsible for acid rain, that must be removed prior to exhausting the flue
gas. Both of these effects add cost to the conversion system. In hydrothermal processes,
sulphur forms inorganic metal sulphates or elemental sulphur that remain in the solid
phase [85].

Chlorine is highly corrosive and can damage metal process piping and equipment,
particularly at high temperatures (>300 ◦C). In pyrolysis, chlorine that is present in the
waste leads to the formation of HCl. In hydrothermal conversion, chlorine enters the
liquid phase and can attack metal surfaces, causing corrosion, particularly under high
temperatures (>300 ◦C). Chlorine also plays a role in the mobility of alkali metals such as
potassium and magnesium and leads to the formation of deposits. Many alkali-chloride
compounds are formed during the gasification process due to the presence of alkali metals
such as K, Mg, and Na due to their volatile nature. These chloride compounds form
deposits, enhancing the corrosion process, especially as the temperature increases. Chlorine
originates from two main sources: packaging waste and plastic. Polyvinyl chloride contains
56 wt% Cl, the highest concentration for plastics [86,87].

Many of the components of waste contain heavy metals including As, Cd, Cr, Cu,
Fe, Mn, Ni, Pb, and Zn. Table S2 of the Supplementary Materials lists the types of waste
that contain more than 1000 ppm on a dry basis of inorganic components including heavy
metals. The most abundant heavy metals are calcium and silicon in food, paper, wood,
yard and garden waste, railway ties, and biosolids [31]. These contaminants arise from the
fertilization and pest control of crops as well as from the processing of materials and are
harmful to the ecosystem [88]. In unmanaged landfills, there is the possibility for these
metals to enter the food chain through the water system and/or soil.

An advantage of thermo-chemically converting waste is the ability to capture heavy
metals. The type of thermo-chemical conversion method, operating parameters, and
properties of the heavy metals influence their distribution into the products, which include
char, oil and gas for pyrolysis and hydrothermal treatments, solid residues and gases for
gasification and incineration, and gases for dry anaerobic digestion. In general, higher
operating temperatures result in increased heavy metal concentrations in the gas phase [88].
Some of the heavy metals, particularly Cu, Fe, and Ni [89], may catalyze gas phase reactions,
but the metals also result in corrosion, abrasion, erosion, and/or fouling of the gasifier
as well as downstream equipment. Heavy metals in the fly ash can be removed with
cyclones. Increasing the equivalence ratio can decrease the amount of fly ash by promoting
combustion, but the amount of hydrogen in the gas phase will also decrease. The fly ash
can be acid washed to recover the heavy metals [90].

3.5. Energy Potential

An investigation of the total energy potential available in Canadian waste that is
otherwise destined for landfills was performed using the amounts in Table 2, the HHVs
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in Table 3, and by applying appropriate conversion efficiencies for the different thermo-
chemical conversion technologies split into high-moisture (>50 wt% moisture) and low-
moisture (<50 wt% moisture) wastes, shown in Table 1. This approach provided an estimate
of the total potential energy production potential per year, J/y for heat, liquid fuels, and
gaseous fuels, and Wh/y for electricity (sample calculation shown below). The results
for each waste stream and end-product are illustrated in Figure 2. If the product was
entirely heat, which would give the highest conversion efficiency, the total possible energy
conversion would be 193 PJ/y. This value compares to the 52 PJ/y consumed in cement
kilns each year in Canada [91] and 79 PJ/yr of natural gas consumed in steel mills for
heat in Canada [92], indicating that heat from waste can satisfy both of these demands.
For electricity generation, the potential is 37 TWh/y or 5.8% of Canada’s total electricity
production of 632 TWh/y [93]. The potential amounts of energy available if all waste is
converted to one product fuel are 118 PJ/y and 45 PJ/y for liquid fuel and gaseous fuel,
respectively. Canada’s crude oil and gas consumption values are 2234 PJ/y and 2850 PJ/yr,
so there are potential offsets of 2.0% and 4.1%, respectively. Considering aviation fuel
alone, the liquid fuel production potential of landfilled organic waste represents 41% of the
total aviation fuel consumption in Canada; however, this number would be less after the
upgrading required to produce high-quality aviation fuels.
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These energy production estimates are the same as those calculated for Madrid, where
800,000 tonnes of waste produced per year was found to have an energy potential of 7.5 PJ
or 9.4 MJ/kg of waste [4]. In the current study, the heat and electricity generation potentials
for all waste streams are 6.5 MJ/kg and 1.2 MWh/kg of waste, respectively.

The variability of the ash and moisture contents in the waste properties have a sig-
nificant effect on the energy generating potential, particularly for food waste, where the
as-received heating value varies between 2.4 MJ/kg for “low quality” waste with 80%
moisture and 57% (dry) ash, and 26.4 MJ/kg for “high quality” waste with 3.0% moisture
and 1.0% (dry) ash. The energy generating potential for the “high quality” food waste
would be 76 PJ/yr and 7 PJ/yr for the “low quality” food waste. Thus, the energy potential
would be highly dependent on regional waste properties.

The majority of energy conversion potential (78%) is in four categories: food, paper,
wood, and plastics (Figure 2). These categories are often separated before disposal or
post collection, and thus offer the easiest route for a significant conversion of energy from
post-consumer waste. “Non-wood construction” and “Other: mixed plastics” account for
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18% of the energy conversion potential, but these would be more challenging because of
separation challenges from the waste stream.

Plastics have the highest potential for energy recovery because of the combination of
their HHVs, low moisture, and significant quantities (Table 3). The largest waste stream
by mass and nearly double that of “plastics” is “food”, which is high in moisture and
has a low heating value by comparison, and therefore ranks second in energy content.
Moreover, the process of converting high-moisture wastes to electricity has a much lower
overall efficiency than low-moisture wastes, 26% and 45%, respectively, further reducing
the electricity generation potential. Liquid fuel production shows a higher potential for
energy recovery from high-moisture waste through hydrothermal liquefaction; however,
there are limited hydrothermal liquefaction systems in operation at scale, and the overall
efficiency of this process contains some uncertainty.

The energy conversion potential on a provincial basis, shown in Figure 3, generally
follows provincial population and diversion rates and is important to understand the
regional potential for converting waste as its feasibility is highly dependent on the location
of the waste source and processing facility. Ontario has the highest energy generation
potential as expected, with the energy generation potential from plastics alone greater than
the potential of all but two other provinces (Alberta and Quebec). The greatest potential for
the thermo-chemical conversion of waste is in the four largest provinces—Ontario, Quebec,
Alberta, and British Columbia—accounting for 87% of the energy generating potential.
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3.6. GHG Emissions

The GHG emissions for the current disposal scenario (baseline), the full diversion, and
the energy conversion (alternative) scenarios are shown in Figure 4. These two scenarios
were calculated using the EPA’s WARM tool by inputting the solid waste generation
quantities. The overall change in the GHG emissions includes these values in addition
to the potential GHG reduction from offsetting the combustion of natural gas with heat
produced from the waste streams. The vertical axis represents the GHG emissions in
each scenario, with negative values representing the emissions avoided. The baseline
represents the current practices including recycling. The other three represent the change
from the baseline considering the waste thermo-chemical conversion, the offset of natural
gas combustion, and the combined total change in the CO2 emissions.
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In the case of “wood” and “yard and garden” waste, despite being biogenic, their
relative resistance to decomposition means that landfilling has a positive GHG emission
effect, as carbon would be sequestered in the landfill. “Yard and garden” waste had a
GHG emission reduction when the energy offset for natural gas was considered; however,
“wood” waste still had a slight increase in GHG emissions even with this consideration.
If wood were used to offset more carbon-intensive fuels (e.g., coal) in cement and steel
manufacture, the GHG emission reduction can be significant.

In the case of paper, existing diversion and recycling leads to a significant reduction in
GHG emissions that overshadows the benefit from the waste conversion and natural gas
offset. There is, however, still a significant positive benefit from the thermo-conversion of
the remaining paper waste that is un-recyclable.

If all organic wastes were diverted from landfills and thermo-chemically converted
to products that are ultimately combusted to release the molecular carbon as CO2, a GHG
emission reduction of 5.0 MMTCO2E (million metric tonnes of CO2 equivalent) is possible.
In contrast, the conversion of plastics resulted in a large increase in GHG emissions, as
expected, since the landfilling of plastics is a means of sequestering the fossil carbon in
the plastics. Carbon capture and storage or utilization would be possible in some of the
conversion cases, for instance, solid carbon formation in gasification or CO2 capture in
combustion; however, for simplicity, this is not included in the present analysis as it would
require too many assumptions, and these capture technologies are not widely used. If
plastics were not considered for thermo-chemical conversion, the GHG reductions from
the remaining waste streams would be 10.6 MMTCO2E or 1.6% of Canada’s total GHG
emissions [94].

3.7. Policy Incentives for Fuel Switching to Biogenic Wastes

As discussed previously, policies and regulations are instrumental to prompt the
reduction in waste production and landfilling. Policies and regulations, especially carbon
credits, are also keys to prompt the utilization of waste for the production of value-added
products. The Greenhouse Gas Offset Credit System was launched in 2022 and aims to
provide incentives for new projects that prevent and remove GHG emissions [95]. Carbon
offset credits may apply to waste feedstocks through the biogenic (non-fossil) fraction of
waste, which can be considered as carbon neutral, depending on the carbon intensity of the
processes associated with its lifecycle [96]. The lifecycle carbon intensity allocated to the
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waste feedstock due to required pre-processing, e.g., drying, and the method of allocation
(e.g., by weight, heating value, or volume of primary product) are important factors for
overall GHG emission reduction. The contribution of these factors to the carbon intensity
of different feedstocks will vary [96,97].

For energy conversion, waste feedstocks can be used directly and/or blended with
petroleum feedstocks, according to the process fuel flexibility and reliability when operating
on a particular waste stream. Feedstocks can also be blended to manage variability and
heterogeneity. Standardization, grading, and pre-treatment of solid non-hazardous wastes
also manages variability and increases the usable fraction. An increase in the blend of waste
into feedstock may lead to a decreased carbon intensity and also may result in increased
economic benefits by utilizing such incentives as carbon credit offsets. For example, the
biogenic contents of various wastes [96] and heating values from Table 3 can be combined,
as shown in Figure 5, to determine the biogenic emissions produced per unit energy for
various blends with coal. Biogenic emissions do not increase linearly with the blend
fraction, which is due to the heating value of the waste that varies according to the waste
feedstock [98], but are lower than petroleum, particularly those that have higher biogenic
fractions. Although an increased fraction of waste biomass will increase the biogenic
emissions, as the blended fraction increases, more waste feedstock will be needed per
unit energy, which is also an important consideration for the process modification and
economics for new projects. The federal price of carbon in Canada is CAD 50 per MTCO2E
(metric tonne CO2 equivalent) since April 2022 and is set to increase to CAD 170 in 2030 [98],
so the avoided fossil emissions that are calculated in Figure 5 can improve the economic
case for new projects depending on scale and, as mentioned previously, the lifecycle carbon
intensity of the feedstock.
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Figure 5. Biogenic CO2 (kg) per MJ energy (wet basis) for various waste feedstocks and blended with
coal in various fractions (25%, 50%, and 100% wt/wt).

In addition to using waste feedstocks for fuel switching, another avenue of reducing
GHG emissions from landfills is via methane recovery and destruction. This practice is
well established in Canada but is targeted for expansion through new incentives. The GHG
Offset Credit System can be utilized with the methane recovery and destruction protocol
to generate credits [99]. The protocol is intended to convert methane to biogenic CO2 via
combustion in flares, boilers, turbines, and engines instead of allowing for methane to be
emitted into the atmosphere. This protocol does not cover fuel switching with the methane,
which may be eligible for additional offset credits depending on the project.
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4. Discussion

The municipalities in Canada classify waste differently. For example, organic waste
is defined by Statistics Canada as “materials that are or were once living, such as leaves,
grass, yard trimmings, agricultural crop residues, wood waste, and paper and paperboard
products or food scraps.” Nonetheless, almost all municipalities consider paper as a sepa-
rate category outside of organic waste. Furthermore, diaper waste is generally classified
as organic and considered degradable. Used diapers, however, consist of biodegradable
cellulous (~37 wt%), non-biodegradable plastic materials (~22 wt%), adhesive tape (10%),
and superabsorbent polymer materials (31 wt%) [83,100].

Some of the hurdles throughout Canada include the classification and standardization
of wastes to ensure safety and environmental protection for waste handling and use in
energy and material recovery processes. However, these barriers have been overcome in
many other countries. For example, Solid Recovered Fuels (SRFs), which are non-hazardous
materials taken from waste streams and repurposed as standardized fuel products, reduc-
tants, or chemical feedstocks, are produced for local use and trade in many countries such
as South Korea, the United Kingdom, France, and Germany. There are SRF standards [101]
in Europe for these fuels, which provide end-users with a predictability of the quality and
supply, and provide producers with defined markets, enabling SRF to become a traded
commodity. The export of SRFs from England and Wales went from zero in 2010 to around
half a million tonnes per year in 2018 [102]. This growth was driven partially by changes
in landfilling targets and the push to lower carbon emissions. There is currently work
being conducted with the International Standards Organization (ISO), of which Canada
is a member, to produce international standards for SRF (ISO TC 300). Canada, however,
currently lacks the regulatory framework to fully adopt the production and use of SRFs,
let alone trade them. These standards focus on the quality of the fuels as they relate to
energy applications, but they are agnostic to the type of waste used to make the SRFs,
and they include requirements for various classifications based on the heating value and
composition, safe handling, bulk property measurement, and biogenic content. A standard
measurement for the biogenic composition of SRFs is critical for accessing incentives, such
as renewable energy credits, or specifically, carbon credit offsets in Canada.

This analysis attempts to highlight the large potential of post-consumer waste as an
energy source to solve the dual problems of waste management and low GHG energy
production. From a GHG reduction perspective, the best solution is to reduce waste genera-
tion. This is an ambitious goal, but highly unlikely in the near term, and responsible waste
management will still be required for the foreseeable future. Thermo-chemical conversion
is a promising way of reducing the mass of waste sent to landfills and preventing the export
of waste internationally while obtaining value from the waste stream. From an environ-
mental perspective, this analysis only considered GHG emission reductions and not factors
such as land use and the contamination of air and water associated with landfilling. Other
environmental and socio-economic factors can lead to increasing resistance to landfilling,
particularly in the case of developing new landfill sites.

Recycling is another alternative to both landfilling and the conversion of waste for
energy; however, despite significant efforts to increase recycling rates, the recycling rates
for plastics remain low at 11% for Canada, as shown in Table 3. This low level is due to
a number of factors including the contamination of recycling waste streams, the cost of
separation of plastic types, and the low demand for recycled plastics that tend to be of
lower quality than virgin plastics. Similar issues arise for paper recycling. Recycling is not
a viable option for the other organic waste categories.

Another alternative disposal method to landfilling is the composting of organic waste.
This method has challenges with the contamination of the compost with plastics and
inorganics, and in some regions of Canada, particularly in Vancouver and Fraser Valley of
British Columbia, there is an excess of nutrients, and much of the produced compost must
be shipped to other regions at an additional cost and energy consumption.
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The thermo-chemical conversion technology that offers the highest potential for energy
recovery is combustion for the production of heat. For high-moisture waste streams, this
would entail the production of a carbonized product from hydrothermal carbonization
and subsequent combustion. For dry waste streams, this would be performed through
incineration. Gasification followed by incineration for low-moisture waste streams has
only a slightly reduced energy recovery potential and can offer other benefits such as
reduced air pollutant formation (dioxins, sulphur dioxide, and nitrogen dioxide) through
contaminant (Cl, HS, and NH3) removal prior to combustion. “Plastics” and “paper”
contain relatively high concentrations of Cl and would benefit from a thermo-chemical
conversion option where the Cl is removed prior to combustion such as gasification or
pyrolysis. Hydrothermal conversion processes produce fuels in an aqueous environment
where soluble contaminants are retained in the water, minimizing contaminants in the
produced fuel.

Heat production can be used for applications such as cement and steel manufacture;
however, contaminants and the heterogeneity of feedstock may necessitate the need for
pre-treatment such as carbonization, pyrolysis, or gasification followed by combustion.
Traditional incineration also has a negative connotation for many people, and there may
be greater public acceptance for other conversion technologies such as gasification or
pyrolysis.

The conversion technology chosen for a given waste stream is also dependant on the
location of the waste and the energy needs of the local or regional area. The transportation
of waste can significantly add to the cost and GHG footprint of the conversion processes;
therefore, the geographic distribution of the waste is important. For example, waste
that is generated close to an industrial facility with significant heat demand would be
ideally suited for incineration or gasification or hydrothermal carbonization followed by
combustion. Whereas waste that is generated far from energy demand should be converted
to electricity or an easily transported fuel.

Economies of scale also impact the selection of conversion technology. Incineration,
gasification, or electricity generation from waste is better suited to large-scale operations
due to the complexity of the system and the required emission abatement equipment;
therefore, a significant supply of waste would be needed, such as a large municipality or
facility. For relatively small waste generation sites, a hub and spoke conversion model can
be used, where several distributed small-scale conversion systems, such as pyrolysis units,
would convert the waste into a more energy-dense, easily transportable fuel such as SRF or
bio-oil for ultimate conversion at a centralized heat or electricity generation facility.

Considering that plastics are a non-biogenic waste stream and their conversion to
other products would increase GHG emissions, a conversion technology where all or part of
the carbon contained in the plastics can be captured should be selected. These can include
combustion or electricity generation with integrated carbon capture and storage (CCS),
gasification, or fast pyrolysis, where a portion of the carbon remains as un-converted char.

5. Conclusions

Canada produced nearly 35 million tonnes of solid waste per year in 2018. Of all the
waste produced, 60% is organic and biogenic, and of this fraction, 42% ends up in landfills,
meaning that 25% of Canada’s generated waste or 8.8 million tonnes can be relatively
easily used for low-carbon energy production. In addition to this, more challenging
waste streams that can be used for energy production, including non-biogenic organic
(plastics), combination (non-wood construction, textiles, etc.), and hazardous (railway
ties and biosolids) wastes make up an additional 7.4 million tonnes per year. There is
no standardized waste classification system. Therefore, a new classification system was
proposed in this paper to better classify the waste according to its potential for thermo-
chemical conversion.

The most efficient waste conversion technologies are heat generation through hy-
drothermal carbonization followed by combustion for high-moisture wastes (50%), and
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incineration for low-moisture wastes (60%). The conversion of all available waste to heat
as the energy end-use would yield 193 PJ/y. Alternatively, electricity can be produced
from waste transfer or disposal sites at a rate of 37 TWh/y, which is 5.8% of Canada’s total
electricity production. The energy production potential for the waste categories aligns with
the quantity of each classification of waste produced, with 78% of energy recovery potential
coming from four categories: food, paper, wood, and plastics. The greatest potential source
is plastics at 37% or 12.2 TWh/y of electricity. A provincial examination of the energy
potential confirmed that waste conversion should first be exploited in the most populated
areas.

The variability of waste properties has a significant effect on the potential for energy
production, particularly the ash and moisture contents of the waste stream. The averaged
values were used for the waste properties, but for food waste, the variability in the ash and
moisture contents were significant, between 1.0–57% (dry) and 3.0–80%, respectively, which
would create a difference of more than 10-fold in the energy potential between high-ash
and high-moisture food waste and low-ash and low-moisture food waste.

Assuming that the heat, fuel, and/or electricity produced also offsets natural gas
combustion, the diversion of landfill-destined waste can decrease GHG emissions by 5.0
MMTCO2E, or by up to 10.6 MMTCO2E if non-biogenic plastics are excluded. The diversion
of plastic, wood, and yard and garden wastes from landfills increases GHG emissions as
these materials decompose more slowly, so their carbon is sequestered in the landfills. GHG
emissions can be reduced if biogenic wastes (wood, and yard and garden wastes) are used
to offset a more carbon-intensive fuel such as oil or coal.

Policies and regulations are the key drivers for the conversion of waste to heat, fuel,
and electricity with landfill diversion. The economic incentives for waste conversion to
energy can be promising due to carbon credit offsets. However, this work shows that the
mitigated biogenic emissions, and thus, fossil CO2, is sensitive to both the waste feedstock
type and the blend percentage with other non-biogenic feedstocks, which should be taken
into account when determining the economic case for using wastes in new projects.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/waste1030041/s1, Table S1. Solid waste definitions; Table S2.
Major metal species that exceed 1000 ppm on a dry basis, and sulfur and chlorine content in wt% on
a dry and ash-free basis for the solid waste studied; Table S3. Entry names and codes used from ECN
Phyllis database for data generated in Table 3.
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