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Abstract: With the implementation of new policies supporting renewable natural gas production from
organic wastes, Canada began replacing traditional disposal methods with highly integrated biogas
production strategies. Herein, data from published papers, Canadian Biogas Association, Canada’s
national statistical agency, and energy companies’ websites were gathered to gain insight into the
current status of anaerobic digestion plants in recovering energy and resource from organic wastes.
The availability of materials prepared for recycling by companies and local waste management
organizations and existing infrastructures for municipal solid waste management were examined.
Governmental incentives and discouragements in Canada and world anaerobic digestion leaders
regarding organic fraction municipal solid waste management were comprehensively reviewed to
identify the opportunities for developing large-scale anaerobic digestion in Canada. A range of
anaerobic digestion facilities, including water resource recovery facilities, standalone digesters, and
on-farm digesters throughout Ontario, were compared in terms of digestion type, digester volume,
feedstock (s), and electricity capacity to better understand the current role of biogas plants in this
province. Finally, technology perspectives, solutions, and roadmaps were discussed to shape the
future in terms of organic fraction municipal solid waste management. The findings suggested that
the biogas industry growth in Canada relies on provincial energy and waste management policies,
advanced technologies for diverting organic waste from landfills, improving biogas yield using
existing pretreatment methods, and educating farmers regarding digester operations.

Keywords: waste management; organic waste; anaerobic digestion; biogas plant; pretreatment; Canada

1. Introduction

The Canadian economy currently seems locked into an inefficient system. Production,
economics, contracts, regulation, and consumer behaviour all favor the linear model of
production and consumption. This model applies to our current food industry and is very
wasteful. Between 33% and 50% of food is wasted, and many food production techniques
cause widespread environmental degradation [1,2]. The situation will exacerbate within
the next 30 years due to population growth and shifting demographics. The current waste
management strategies, which mostly rely on thermal conversion by incineration, do not
encourage recycling and waste reduction. This is not a strong long-term strategy for society.
Nowadays, there is a significant worldwide trend of promulgating regulations and policies
banning organic fraction municipal waste (OFMSW) from entering landfills [3]. Due to
encouraging or enforcing Canadian policies on biogas plants, anaerobic digestion (AD) has
been considered a suitable method for converting organic waste streams into renewable
energy and fertilizer. Feed-in tariff (FIT) policies that encourage renewable natural gas
(RNG) from AD resulted in the implementation of many biogas plants in Canada [3].
However, to reach the global PARIS Agreement and join the biogas leaders (Germany, the
UK, Japan, Italy, Spain, Denmark, Sweden, and China), Canada should focus more on
reforming its renewable energy policies and economic incentives [4—6].
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Canada generates 35.5 million tonnes of waste containing 20% to 40% OFMSW [7].
This amount of OFMSW can be converted into about 12,000 kWh of renewable energy
per year [8]. In Canada, the current waste management infrastructures can only capture
2.6 million tonnes of OFMSW from landfills (Figure 1) [9]. Figure 2 shows the proportion
of organic waste diverted from municipal waste in Canada by province. Among the
provinces, New Brunswick diverted the most organics (57.57%), followed by Nova Scotia
(46.84%), Prince Edward Island (36%), British Columbia (35.33%), Alberta (34.62%), Ontario
(34.27%), Manitoba (25.38%), Newfoundland (21.57%), Saskatchewan (16.98%), and Yukon
(15.69%) [10]. In these provinces, managing technologies to establish OFMSW includes
biological and thermochemical conversion systems such as composting, AD, hydrothermal
carbonization (HTC), pyrolysis, gasification, and incineration. Among all others, anaerobic
digestion seems to be a more sustainable system and can be integrated with or replace
conventional waste management strategies more efficiently. AD is becoming an important
technology in the conversion of OFMSW, waste-activated sludge (WAS), agricultural waste,
animal manure, and food waste. Further information on life cycle assessment (LCA) and
life cycle cost (LCC) of AD of OFMSW can be found in a study by Demichelis et al. [11].
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Figure 1. Materials prepared for recycling by companies and local waste management organizations
in Canada. The authors originally produced the figure from Canada’s national statistical agency [9].
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Figure 2. The proportion of organic waste diverted from municipal waste in Canada by province.
The authors originally produced the figure from Canada’s national statistical agency [9].

AD is a process by which organic waste streams produced in the food and beverage
industry, the paper industry, agriculture, WWT1Ps, and households, are converted into
biogas, liquid, and solid fertilizers, owing to the anaerobic bacteria or facultative anaerobic
bacteria [12,13]. The largest bioenergy facility to manage OFMSW is the Rialto bioenergy
facility implemented in North America. This plant can process 700 tonnes per day of
organics from food waste and biosolids from WWTPs to produce renewable electricity to
power the facility, export renewable electricity onto the grid, and export RNG to fuel their
fleet of NG fueled vehicles. The plant is also able to produce class A fertilizer and soil
conditioner [14]. At present, AD technology has been significantly advanced in Europe
and turned into a well-established waste management strategy within the continent. With
18,943 biogas plants, 725 biomethane plants, 15.8 billion m? of biogas, and 2.4 billion m?
of biomethane, Europe is considered the leading producer of biomethane [15]. However,
compared with Europe, biogas production in Canada is a small but growing industry.
Canada should reform its renewable energy policies and economic incentives to enter the
league of biogas leaders. There are three reasons for today’s fast-growing Canadian RNG
marketplace. First, over 480,000 kilometres of natural gas pipelines are already available in
Canada. Second, according to Ontario’s FID program, the cost of the RNG project is lower
than solar, wind, and biogas. Finally, RNG has a great production potential from Canadian
organic waste streams [16-19].

To the best of our knowledge, this paper is the first review paper providing a guideline
for better selecting OFMSW management methods. This review covers the technological
advances in biogas plants, the composition of MSW by province, inventory of publicly
owned solid waste assets, existing anaerobic digesters, the current Canadian policies that
both encourage and enforce, and suggestions for building a zero organic waste future.

2. Policies/Regulations on AD in Both Recycling and Energy Recovery

Table 1 shows policies/regulations of 12 countries promoting AD for organic waste
streams (particularly food waste and OFMSW). Regulations and policies on the treatment
of organic waste streams are not yet uniform globally. However, protecting and preserving
the environment is the priority in all laws and regulations. Biogas plants are becoming
a popular waste management strategy in cities where organic wastes are separated from
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landfills [20,21]. Due to the European Union (EU) legislation, most countries in the EU
have both OFMSW separation infrastructure and biogas plants. With 18,943 biogas plants,
725 biomethane plants, 15.8 billion m? of biogas, and 2.4 billion m? of biomethane, Europe
is considered the leading biomethane producer [15]. To reach the global targets for reducing
GHG emissions, the United States enacted new regulations and announced incentives to
promote facilities for recovering energy and resources from OFMSW. Currently, the US has
236 facilities in the form of water resource recovery facilities (WRRFs), standalone digesters,
and on-farm digesters. To date, the most enacted and potentially important policies are the
US EPA Renewable Fuel Standard and California’s Low Carbon Fuel Standard (LCFS) [22].

Table 1. Policies /regulations of 12 countries promoting AD for organic wastes. Copyright 2021 by

Elsevier [22].

Country Policy/Regulations Incentives AD Applications
Majority operated by the water,
agro-waste, or food processing
The National Food Waste Strategy Support for installing small-scale industries, and number of plants
Australia identified the role of AD in both ADp %:echnolo J accepting post-production FW is
recycling and energy recovery. &y: increasing.
Co-digestion of organic waste from
commercial and industrial sources.
Few plants solely digest FW, or
Feed-in tariff (FIT) program sou.rce.—separated organ'ics (SSOS).
Canada Policies to support RNG from AD. resulted in 40 AD plants between Ma]orlty of plants co-digesting SSO
2010 and 2017 in Ontario. with other feedstocks, most commonly
agricultural manures at on-farm
facilities, or less commonly with SS.
. China’s medium- and long-term
renewable energy plans of 2006  Forcing the municipalities to o o
China gave a target of 44 billion m? of Fesolve urban garbage problems Mono FW dlgestllon and co-digestion
biogas per year by 2020. increased number of AD with other organic feedstocks.
e  Mandatory garbage sorting for installations.
46 cities.
Limited AD installations, . . .
The Ministry of Energy and Mineral especially for FW, although a SOurce segregated organics dlgesthn
. Resources introduced favorable tariffs number of initiatives, such as m s.mall—scale AD modelled on Indian
Indonesia for electricit ted f; Ind ia D tic Bi designs;
lec y generated from ndonesia Domestic Biogas Reusability of digestate is one of the
municipal wastes and biomass. program promoted AD for other eusabtlity of digest
feedstocks. main economic barriers.
e The US EPA Renewable Fuel e RINs 236 facilities processing FW using AD;
Standard; . Renewable electricity Higher number of WRRFs processing
United States e  California’s Low Carbon Fuel production tax credit FW, but standalone facilities process
Standard (LCFS); . Carbon credits higher FW volume;
. Landfill bans in many states. . Nutrient credits Tipping fees major source of revenue.
. Waste Resources Action
Program;
e The Renewable Heat Incentive e  TheRHI Approximately 8% of FW sent to AD
United Kingdom (RHI) program ends by 2021, but The Feed-In Tariff for Gate fees for AD plants receiving FW

current UK policy on climate
change and its Climate Change
Act commitments can bridge the
policy by 10-15%.

renewable electricity.

fall from GBP 35 to GBP 11 per ton.
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Country Policy/Regulations Incentives AD Applications
FWs account for about 60%. The increasing
rate of MSW annually is about 12%.
° Little or no separate collection Strategies to 2025 focus on Howe\{er, c.urrently, all 3‘5 MSW t%‘efitment
Vietnam of FW; methods to recover ener d plants in Vietnam are using landfilling,
. gy an E . .
. No AD schemes have been applied materials from MSW in cities incineration, or composting. Some recent
to manage organic FW. ’ studies have indicated that there is a very
high potential in producing biogas via AD
process from MSW in Vietnam.
° AD of FW is not very common due . Small-scale community/school AD
to many operational issues; Many pilot programs include operations suffer from operational and
Thailand e  Many pilot programs have been small AD operations in urban and maintenance issues;

initiated, but most were
unsuccessful or not sustainable.

rural areas.

Co-digestion of household FW and
waste from farm animals.

South Korea

. FW disposal into landfills was
banned in 2005;

. “Pay-as-you-throw” initiative
helped tracking
source-separated FW;

. Bioenergy strategy has a target to

The Ministry of Environment has
also funded biogas Research on
organic wastes to energy with a
budget of USD 74 million from

Source segregated organics digestion
in standalone digesters.
Co-digestion with animal manures
and sewage sludges.

2013 to 2020.

increase biogas production by a
factor of 4 by 2030.

Singapore

The National Environmental Agency’s

The co-digestion pilot-scale e Majority of food waste is processed in

pilot plan to co-digest FW with SS towards ~ program will be extended to all R g;i?:giﬁ{ls ;scale community,
ievi itv i sewage treatment plants if it is N e . ’
ilch1tevmgt energy neutrality in wastewater succe%sful P university, and business AD
reatment. : operations.

China’s long-term renewable energy plan, in 2006, aimed at producing 44 billion m? of
biogas per year by 2020. This plan mandated municipalities to use mono and co-digestion
of food waste with other organic feedstocks. They successfully implemented many biogas
plants between 2006 and 2020. “Chongqing Black Stone Food Waste Treatment Plant”, with
a processing capacity of 365 thousand tonnes per year and biogas yield of 28 million m? per
year, is one of the largest plants in China [5,15]. In the United Kingdom, due to the Waste
Resources Action Plan and RHI, and FIT programs dedicated to improving renewable
electricity, approximately 8% of food waste streams are sent to AD. Canada’s policies for
supporting AD-based systems are similar to the UK [23,24]. In Canada, the FIT program
supports RNG from AD. This program resulted in the implementation of frothy AD plants
between 2010 and 2017 across Canada. Some countries in Asia are also making great
progress in shifting from conventional waste management systems to AD-based WWTPs.
For example, Japan is one of the pioneers in developing AD facilities. They enacted a new
law introducing AD as a promising method to reuse food waste. They installed the first
biogas plant in 2000 when incineration was the dominant waste management method for
resource recovery from MSW in Asia. In Japan, many food-based companies currently use
anaerobic digestion to process food wastes (e.g., soy sauce and shochu by-products). The
South Korean Ministry of Environment banned disposal into landfills and invested USD
74 million, from 2013 to 2020, on biogas research, to be able to combine co-digestion to all
sewage sludge (SS) treatment plants industrially. The most commonly used feedstock in
existing sewage treatment plants is animal manure. They are planning to increase biogas
production by a factor of four by 2030.

As seen in Table 1, although the implementation of biogas plants in China, the US,
Canada, UK, Japan, Australia, and South Korea was successful, some countries such as
Thailand, Singapore, Malaysia, and Vietnam still have had problems commercializing
the AD technology. This is technically due to the lack of source segregate collection
infrastructure, weak national policies, expertise, and knowledge in the AD process. In
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Singapore, the National Environmental Agency recently started investigating the feasibility
of running co-digest food waste with SS to obtain energy neutrality in wastewater treatment.
They plan to apply this approach to all sewage treatment plants if it is successful [22].

While AD is being implemented commercially in the EU, in Canada, AD projects
still suffer a lack of infrastructure for SSO, management, and technical knowledge on
the AD process. Herein, the importance of public-private partnerships is highlighted to
show its vital role in creating a more stable revenue generation system and overcoming
implementation challenges. Recent literature and governmental reports suggest that the
following three factors are driving forces for shifting a country from conventional to AD
based waste management strategies:

e Governmental incentives and discouragements (e.g., carbon credits, nutrient credits,
and tipping fees major);

e Energy expense reductions (renewable electricity production tax credit, RHI, RIN,
and FIT);

e  Environmental benefits.

Although AD technology has been considered the best solution worldwide to achieve
net-zero emissions by 2050, it still needs to be modified from the technical, market, eco-
nomic, institutional, socio-cultural, and environmental points of view. Table 2 highlights
challenges faced by the implementation of AD in various countries and the root cause of
the problems in the implementation.

Table 2. Challenges faced by the implementation of AD in various countries. Copyright 2019 by

Elsevier [25].

Barriers Sub-Barriers
e  Infrastructural challenges (e.g., plant size, lack of resource availability, limited number of gas
filling stations);
e Technical failures and problems and negative images caused by failed biogas plants;
Technical o Need for specialized technical staff and expertise (incl. a lack of technical training and knowledge);
. Poor collection, improper segregation, a lack of vehicles, and adequate waste transportation;
e Insufficient follow-up services;
e  Specific characteristics of biogas;
e Dependency on imported materials.
. High investments/lack of available capital (low incomes and widespread poverty);
o Lack of subsidies and financial support programs (incl. fossil fuel subsidization);
Economic e  High cost of biogas production, transportation, clean-up, and upgrading;
e  Unavailability of bank loans (incl. with preferential terms);
o  Lack of R&D funding.
. Lower prices of fossil fuels;
e  High price of biogas/ biomethane;
Market o  Competition with other fuels;
e  Easy availability of fuelwood at zero private cost;
e Uncertainties related to the injection of biogas into the grid.
e Lack of political support/legislation;
Institutional e Uncertain Policy landscapfe (incli. political instability); ' . .
o Lack of private sector participation and poor coordination between the public and the private sectors;
e  High level of bureaucracy (e.g., complex administrative and legal procedures).
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Barriers

Sub-Barriers

Socio-cultural

Lack of public participation and consumer interest;
Desire to maintain the status quo/Resistance to change;
Low level of knowledge;

Lack of information and information sharing;

Lack of literacy rate/Low level of education;

Cultural and religious outlook including stigmatization;
Migration.

Environmental

Odor complaints;

Noise complaints;

Need for abundant water resources for biogas digesters;
Lack of access to adequate water;

Pollution.

3. Canada’s Existing Infrastructures for the Solid Waste Management

Figure 3 shows Canada’s existing infrastructures for solid waste management. Seven
types of waste management facilities are actively operating in Canada, which are transfer
station assets, composting, material recovery facility, anaerobic digestion, engineered land-
fill, incineration, and energy from waste. As shown in Figure 3, Ontario, Quebec, Alberta,
British Columbia, Newfoundland, Manitoba, and Saskatchewan adopted around 1813,
713, 1204, 581, 324, 595, and 1074 waste management facilities, respectively. Currently, the
most common approach for municipal waste disposal in Canada is landfilling. Although
modern MSW land(fills are able to collect and treat leachate and capture greenhouse gasses,
it is still not a suitable approach for the disposal of waste. Environmental analysis of
incineration, gasification, AD, landfill, and composting showed AD has obvious advan-
tages in the environmental criteria over other methods. Mondello et al. compared the
potential environmental impacts of four waste management strategies—namely, landfill,
incineration, composting, and AD, to manage organic waste, particularly food waste, us-
ing the life cycle assessment (LCA) method [26]. Based on the treatment of a functional
unit of 1 tonne of food waste, the energy use in AD is lower than other options. In addi-
tion, the main environmental impacts were detected for landfill and incineration options,
which is in agreement with the literature. Among studied strategies, AD showed the best
environmental performance.

Reducing the amount of organic waste entering landfills is now a high priority world-
wide. In Canada, the total amount of MSW diverted to recyclable materials (e.g., organics,
plastics, tires, paper, electronics, etc.) increased from 8.3 million tonnes in 2008 to 9.8 million
tonnes in 2018. The organic fraction of MSW has a great potential to be converted into re-
newable energies by AD or other waste-to-energy facilities. Thus, in recent years, Canada’s
MSW treatment plants are gradually adopting the AD mode of operation in which the
OFMSW can be converted into biogas, electricity, and fertilizer. The two most populous
provinces, Ontario and Quebec, recycled the most organics and implemented the highest
number of AD plants in 2018, with 40 and 9 plants, respectively. In Ontario, such fast-
paced green development is due to provincial incentives and discouragements such as the
FIT program.

A higher number of waste-to-energy facilities was recorded in New Brunswick. In
this province, over seven thousand tonnes of tires and organics are diverted from disposal.
These materials are great input for thermochemical technologies such as pyrolysis and
gasification. Plastic, in particular, has been the target material of recent programs such as
the Federal Action Plan on Zero Plastic Waste. This program aims to reduce the presence
of microplastics in oceans and mitigate its negative effect on the ecosystem and human
health. British Columbia also recycles over 65 thousand tonnes of plastic, 42 thousand
tonnes of tires, and 590 thousand tonnes of organics. With the current incentives and
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regulations, we can expect an increase in waste-to-energy capacity in the near future in
British Colombia [27].
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Figure 3. Public-owned MSW management infrastructures in Canada. The authors originally
produced the figure from Canada’s national statistical agency [28].

4. Biogas Projects in Ontario

Ontario government has been encouraging renewable natural gas (RNG) market in the
province through updating its Climate Change Action Plan and founding biogas projects
since 2016. Since then, AD has been extensively implemented, from pilot to industrial scale,
in the form of WRRFs, standalone digesters, and on-farm digesters [28]. Table 3 shows
existing biogas plants projects in Ontario for energy and resource recovery. The information
on volume, organic input, and biogas plants’ capacity was obtained from the Canadian
Biogas Association, Canada’s national statistical agency, and manufacturer websites. As
can be seen, most biogas plants in Ontario are operating to process agricultural wastes and
the manure produced by cattle in farms. Among them, Delft Blue Veal Inc. (Cambridge),
Koskamp Family Farms (Stratford), Athlone BioPower (Tavistock), and Donnandale Farms
(Stirling) have the highest capacity (2000 m®) and can generate 500 kW of electricity. Some
AD plants were installed in different locations for the purpose of training students and
farmers. The most famous one is CARES located at the University of Guelph Ridgetown
Campus. This biogas plant consists of a 1527 m? digester to process dairy and swine manure
and crude glycerol to generate 250 kW of electricity. In addition to pilot-scale AD plants, a
few cities in Ontario (i.e., Toronto, Bridgeport, and Surrey) are using large-scale AD plants
to extract energy and resources from MSW. The biggest project is related to the Dufferin
Organics Processing Facility (DOPF) in Toronto. With a high capacity of 55,000 tonnes per
year, this facility converts SSO collected annually in the residential and commercial Green
Bin Program into electricity. City of Surrey’s Organic Waste Biofuel Processing Facility
converts the city’s MSW into RNG and supplies waste collection and recycling vehicles
fuels. County of Oxford has been using Ingersoll WWTP anaerobic digester since 2011. The
facility consists of two identical digesters (two-phase AD), with a volume of 1090 m? for
each digester, and is fed only by waste-activated sludge (WAS).
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Table 3. Several biogas plants projects in Ontario for energy and resource recovery. The table was

originally produced by the authors from the information shared by the Canadian Biogas Association [29].

Technology Source Type Description Location
Biogas is used to provide heating for the
Source separated organics facility and for the functioning of the
(SSOs) collected in the anaerobic digestion system and
CCI Disco residential and Single phase upgraded to renewable natural gas and City of Toronto
commercial Green Bin injected into Ontario’s natural gas grid.
Program Digester solids are sent to a composting
facility in southern Ontario.
. The original DOPF, which had been built
Source separated organics to process 25,000 tonnes of organic
Dufferin Organics (SSOs) collected annually p 4 . ,g
. o1 . . . . material annually from the City’s Green .
Processing Facility in the residential and Single phase . . . City of Toronto
. . Bin Program, will be upgraded with new
(DOPFE) commercial Green Bin ity of
Program processes and expanded to a capacity o
55,000 tonnes per year.
. The anaerobic digestion facility will
. Source-separated organic 1
Bridgeport Wastewater . . . generate over 10 million kWh of . .
materials from commercial Single phase - City of Bridgeport
Treatment Plant renewable electricity per year-enough to
generators.
power more than 1000 homes.
Surrey’s Organic Waste The system converts organic wastes into
Biofuel Processing City’s solid waste Stream Single phase renewable natural gas (RNG) for waste City of Surrey
Facility collection and recycling vehicles.
The anaerobic digestion facility consists
. of a primary anaerobic digester with an
Ingerso'l ! WWTP Waste activated Two phase operating volume of 1090 m? and a County of Oxford
anaerobic digester sludge (WAS) S
secondary anaerobic digester of
identical capacity.
700 manure and The plant is designed to handle
ZooShare Biogas Single phase 17,000 tonnes of organic waste and Toronto
food waste -
recover 500 kW electricity.
High total solids organic The plant is capable of producing .
Escarpment Renewables waste Two phase 12,000 m? of biogas per day. Grimsby
CARES—University of Farmer waste streams, The AD is gonnected to .a 250 kW MAN
Guelph Ridgetown manure, and glycerol Single phase engine with an operating volume of Guelph
obtained from biodiesel 1527 m. The plant is built for training
Campus
plants students and farmers.
Farmer waste streams, StormFisher is built to process
StormFisher manure, organic material, Single phase 65,000 tonnes of organic wastes into London
and mixed food scraps electricity and fertilizer granules.
Farmer waste streams, The Gardiner Farms produces electricity
The Gardiner Farms manure, and organic Single phase and thermal energy using two 250 kW Caledon
material CHP units.
R(e):yiiccl ilfsiitagisotizs, The plant is designed with an operating
Greenholm Farms & ! Single phase volume of 2077 m® and is able to produce Embro
manure produced by
250 kW of energy.
cattle
Fats, oils. erease. and Escarpment Renewables is an industrial
Escarpment Renewables s O1'S, §Tease, Single phase AD facility that is permitted to receive Beamsville
organic liquids .
23,000 tonnes of organics annually.
The plant is designed with an operating
. Manure, grape pumice, . volume of 1200 m® and its biogas is sent
Bayview Flowers Ltd. corn silage, pet food Single phase to a 250 kW Scania generator and a Jordan
retrofitted boiler.
Calf manure and
discarded organic The plant is designed with an operating
Delft Blue Veal Inc. residuals provided by Single phase volume of 1750 m® and is able to produce Cambridge

food processing
companies

499 kW of electricity.
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Technology Source Type Description Location
Manure and other oreanic The plant is designed with an operating
Koskamp Family Farms materials & Single phase volume of 1500 m® and is able to produce Stratford
500 kW of electricity.
The facility has two anaerobic digesters, a
. Manure and other organic primary and secondary tank, with an operating .
Athlone BioPower materials Two phase volume of 2077 m? in size for each of them. The Tavistock
plant is able to produce 500 kW of power.
oﬁ)trsl(-)fjgrel drr;ite;;iisvi{ausite The plant is designed with an operating
Birchlawn Farms & . Single phase volume of 1800 m3 and is able to produce Listowel
from food processing 440 kW of electricity.
plants ’
The facility is built to process 70,000 tonnes per
year of organic wastes into electricity and
Woolwich Bio-en Inc. Food waste Single phase fertilizer granules. The CHP’s produce Elmira
2.852 MW of electricity under a Feed-in Tariff
contract with the Ontario Power Authority.
Chatsworth/Georgian w]zls(;se,(ﬂslglj;cger—esaeseaiigd The anaerobic digester is a two-stage process
8 L P Two phase with a 100 m? hydrolysis tank and a Owen Sound
Bluffs organics, and other 1000 m3 dicester
organics & '
Manure and other oreanic A 1500 m® anaerobic digester which supplies
Clovermead Farms materials & Single phase fuel for the 250 kW generator, installed by Aylmer
European Power Systems Ltd.
. . The plant is designed with an operating
Marl Creek Renewables Manul:r,lyllrlz,a iaets’ oils, Single phase volume of 4200 m? and is able to fuel two Elmwood
& 250 kW combined heat and power units.
Manure from the farm’s The plant is designed with an operating
CCS agriKomp beef herd, silage, crop Single phase volume of 680 m? and is able to supply fuel for Millbrook
residues, and FOG a 100 kW engine.
Manure and ofher oreanic The plant is designed with two anaerobic
Donnandale Farms & Single phase digesters (1600 m® each) and is able to supply Stirling

materials fuel for the 500 kW MWM generator.

Most AD plants in Canada are single-phase AD, due to this method’s simple design
and process control. All four hydrolysis, acidogenesis, acetogenesis, and methanogenesis
steps are carried out in a single digester. These types of ADs are usually applied for agri-
cultural wastes consisting of materials resistant to ADs such as cellulose, hemicellulose,
and lignin. However, as shown in Table 3, two-phase ADs are designed and implemented
for easily biodegradable feedstock (e.g., biosolids, grease trap waste, source-separated
organics, and other organics). These materials undergo fast-rate hydrolysis and acidogene-
sis, which, in turn, lead to the inhibition of methanogenesis by volatile fatty acids (VFAs)
accumulation. Ingersoll WWTP anaerobic digester, Athlone BioPower, and Georgian Bluffs
have two-phase AD digesters. The advantages of two-phase AD over single-phase AD are
as follows:

i Generation of both methane and hydrogen;
ii. Operational conditions and reactions can be easily controlled;
iii. Improving the speed limiting reaction (hydrolysis);

iv. Higher energy capacity.

Although most AD references in Canada are available in Ontario, there are some
innovative AD projects in other provinces [30]. For example, a complete system to process
high-strength brewery wastewater from a new Molson-Coors brewery was implemented
in Longueuil (Montreal), Quebec, Canada. This unit can produce biogas up to 8450 Nm?3/d,
including 72% of CHy, which is equivalent to 3350 kg/day of fuel oil. Biogas generated in
this unit is used to heat the inlet wastewater to maximize the anaerobic treatment efficiency
and reduce energy costs. In British Columbia, a high-efficiency biogas plant coupled with a
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water wash biogas upgrading plant has been recently implemented in Metro Vancouvers
Lulu Island WWTP. This unit is able to treat up to 800 Nm?/h of raw biogas to RNG.
Upgraded RNG is injected into the FortisBC gas grid [31].

5. Pretreatment Methodologies to Enhance OFMSW Biodegradability

With the development of biogas plants in the past several decades, pretreatment
technologies have also gained momentum and have been successfully applied to stabilize
and enhance methane production. As shown in Table 4, pretreatment technologies can
be categorized into five types: mechanical, thermal, chemical, biological, and additives
(hybrid) [32]. Since the OFMSW composition is relatively complex, the hydrolysis step
is considered a rate-limiting phase among the four phases of hydrolysis, acidogenesis,
acetogenesis, and methanogenesis. The main goal of pretreatment technologies is to
promote the hydrolysis step [33-35].

As for mechanical pretreatment, some technologies are commercially available. The
OREXTM (A patented press extruder) is capable of recovering over 90% of putrescible
organics from mixed waste streams. Organic pulp extracted from the press extrusion
process is highly degradable in AD processes. Disc screen process is another pretreatment
method widely used in waste processing facilities. The process separates waste into unders
containing putrescible organics and overs including coarse recyclables [36]. Thermal
pretreatment is the process in which MSW is heated in the range of 100 °C. The process is
performed using pyrolysis, hydrothermal carbonization (HTC), hydrothermal liquefaction
(HTL), and microwave reactors. Although this method can increase methane yield, remove
odor, and improve dewaterability, it is considered an energy-intensive method. High energy
demand and capital cost of building and operating thermal systems become obstacles for
their practical commercialization [37]. Chemical pretreatment is divided into three types:
acidic, alkali, and ozonation, which relies on hydrolysis of hemicellulose, saphonication,
and hydroxyl radicals, respectively. Chemical pretreatment is currently being used in
full-scale operations in excess sludge reduction in WWTPs [38].

Regarding biological pretreatment, TPAD and MEC are the most widely used methods
in promoting the AD process. In the TPAD method, hydrolysis and acidogenesis steps
occur in the first tank under thermophilic conditions, and acetogenesis and methanogenesis
in the second tank under mesophilic conditions. Two-stage biogas plants can result in
increased methane yield, low energy demand, and better solid destruction. TPAD process
offers lower VFAs, COD, and suspended solids concentrations in the effluent and higher
methane yield [32].

Additives (e.g., zeolite, biochar, bricks, plastic beads, coconut coir, charcoal, Gac,
etc.) have gained significant attention due to their ability in facilitating the adsorption of
inhibitors, increasing buffering capacity, microbial growth, DIET, H,S removal, and CO,
sequestration. For example, zeolite can stabilize the process due to its cation exchange
property via ammonia detoxification. Porous materials such as biochar, hydrochar, and
GAC are natural molecular sieves and catalysts; thus, they can purify biogas by separating
H,S and CO, from CHy and N> [39].

In the above paragraphs, mechanical, thermal, biological, and physical pretreatment
methods were comprehensively introduced and discussed. However, it is worth mentioning
that there are only a few references worldwide applying such pretreatment methods. This
is mostly due to technical, energy, economic and environmental barriers. Mainardis et al.
have recently could develop a reliable and standard protocol based on physicochemical
characterization, experimental tests, LCA, and economic analysis to determine the up-
scale feasibility of the proposed pretreatment method for AD of sewage sludge. They
investigated six different pretreatment technologies: thermal, alkali, combined alkali—
thermal, ultrasonication, icing-thawing, and biochar addition. Among the proposed
methods, in terms of biomethane potential, low-temperature thermal pretreatment (110%),
ultrasonication (53%), and biochar addition (16%) showed the best performance. Figure 4
compares the LCIA results of ultrasonic, thermal, and biochar scenarios with the baseline
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scenario. In most environmental criteria, proposed pretreatment methods showed better
performance. However, the economic analysis showed that the capital costs of these
methods could not be recovered in 15 years only if we consider heat recovery for thermal
pretreatment and lower price for the biochar addition scenario [11]. We believe that the
current protocol is a robust tool to assess a proposed pretreatment technology from the
technical, energy, economic and environmental points of view within the Canadian context.
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Figure 4. Comparison of ultrasonic, thermal, and biochar LCIA results with the baseline scenario at
an industrial scale. Copyright 2021 by Elsevier [11].
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Table 4. Summary of available commercial pretreatment AD technologies along with their advantages

and disadvantages.

Pre-Treatment Description Available Processes Advantages and Disadvantages Commerc1'a1 Ref.
Technologies
. Enhancement of COD
Shredding and chopping . Pliess extruder solubili.zation . o
of raw substrates to . Disc screen . Impljovmg nutrient availability ~— ,  Grgx™
. enhance the interaction *  Bagopener to m1cr.0bes . e  Db-Disc Screen
Mechanical between microoreanisms ~®  vind sifter e  Excessive shredding or e Db-Wind Sifter 136]
treatment and fragmented §r anic . High-pressure chopping of raw substrates may . CleanREX™ l
molecu%es (e.g., su gar homogenizer lead to the increased VFAs and can ™
amino, and f.agt.t, acgi dé) e  Sonication inhibition of the AD process e BIOREX
! Y o Maceration . Operational and capital cost
is high
P,
e  Removing pathogen ¢ Ae;t:;tei
. Enhancing the dewaterability pyrol g’;i s
Applying heat to properties . C};mggTHPTM
Thermal . . Hydrothermal e  Polarization of macromolecules . )
decompose MSW via ) . . e  Biothelys® [32,40]
treatment different approaches ° Microwave . Energy intensive Exel
PP e  Treatment at high temperatures ~ ® Txebys,
(>170 °C) lead to the complex N Lur O;ec
recalcitrant substrates ® ysotherm,
. Biorefinex
. Commercial .
alkaline *  Easyoperation
Chemical treatment is materials (e.g., * iultable fqr .hgnm . Full-scale
Chemical applied to disrupt the cell NaOH and ecomposmon ; i
; ° Corrosion operations in [38]
treatment walls using strong and CaCO3) ) . existine WWTP
concentrated chemicals e Ozone (Os) e  Special materials for reactor ]
3 .
. Peracetic acid construction, L
. Acetic acid . Neutralization before digestion
° Temperature
phased .
Anaerobic . Eco-frlendly.
Biological Promoting microbial digestion M Low energy input
treatment growth (TPAD) e  Operating at room temperature [32]
R Microbial . Operational and capital cost is
electrolysis cell low
(MEC)
. Adsorbing inhibitors such as
LCFA, ammonia, limonene,
Additives can promote . Activated }Smeavy n’fe’[als’ .andbP}{em)lS'
the AD process through carbon * ulipt(; ang microbia
: o i metabolism
Additives adsorption of inhibitors, e Biochar e  Buffering pH during hydrolysis [39,41]
increasing buffering . Hydrochar d acid is st
capacity, and microbial . Conductive én ac.l1) ogenesmhs cps 1
cell immobilization. materials . ontributing to the circular

economic approach
Direct Interspecies Electron
Transfer (DIET)

6. Guideline for Better Selection of OFMSW Management Methods

Over the past 10 years, Canada has been investigating the feasibility of various avail-
able renewable energy sources such as biomass, wind, and solar. The challenge is to achieve
net-zero emissions by 2050 [24,42,43]. As discussed before, many incentives and regulations
have been passed to support RNG. These incentives are increasing exponentially in terms
of both values and numbers, according to a bench analysis in Canada. Among the solutions
for climate change, RNG could be considered a negative carbon fuel. However, other
solutions can reduce GHG emissions maybe by 40% in the best-case scenario, and they can
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not reach net-zero emissions. The cost of large and small scale RNG, biogas, solar, and
wind power projects offered by Ontario’s feed-in-tariff (FIT) program were estimated by
Canadian Gas Association. The average price in 2008 was CAD 8/(GJ and has fallen in
recent years to CAD 3/G]J due to robust supplies of natural gas. More information on the
affordability of natural gas prices can be found here [19]. The lower project cost of RNG
and the existing NG pipeline infrastructure are the main reasons for today’s fast-growing
Canadian RNG marketplace.

Some robust, cutting-edge solutions for OFMSW recovery from MSW in Canada
are available. Unlike traditional approaches, these solutions can recover 90% of organics
without limitations on in-feed contamination levels. OFMSW is a nutrient-rich feed for AD
and can be used in co-digestion plants to increase biogas production. Figure 5 shows the
process of waste sorting and recovery in treatment facilities. The OREX™ can separate
the OFMSW through a high-pressure extrusion process. The organic fraction is used in
the advanced anaerobic digestion process to produce methane-rich biogas and, in turn,
electricity, fertilizer, and clean water. In order to convert organic waste into biogas and
fertilizer, there are three advanced options—namely, single-phase, two-phase, and high-
solid digesters. A single-phase digester is designed for readily biodegradable substrates
such as food waste. However, a two-phase digester is ideal for materials needing both
primary and secondary fermentation, such as energy crops. The double-ring tank provides
two-stage digestion in a decreased footprint.

Complete Solutions for MSW Tr and RDF Prod

Optical Sorting Lines

Figure 5. Recovering organics and recyclables from MSW and wet commercial waste. The authors
originally produced the figure.

Single- and two-phase digesters can be converted into high-solids digesters using
solid Omnivore™ technology to significantly increase capacity and biogas production. The
main advantages of a high-solid digester are as follows:

It transforms municipal WRRFs for co-digestion and works towards energy neutrality;
It enables reception and co-digestion of high strength waste streams such as fats, oils,
and grease, or the organic fraction from municipal waste;

e It reduces foaming potential with high torque mechanical mixing.

Although AD technology is receiving increasing attention due to government incen-
tives and public support, there is still significant room for increasing AD performance via
integrating the produced biogas with other renewable energy sources. For example, in
WRREFs, anaerobic digesters could be coupled with photovoltaic energy generation, wind
turbines, and battery storage, potentially creating a 100% renewable WRRF. Campana et al.
developed a model and applied it to a medium-scale Italian municipal WWTP. They also
analyzed the costs of installing and operating proposed renewable scenarios [44].

Another important by-product alongside biogas that should be considered in the
anaerobic treatment of OFMSW is digestate. Currently, the main focus of Canadian project
developers and policymakers is on financial subsidies coming from RNG production. They
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do not consider the market opportunities of digestate in the agricultural application (i.e.,
organic fertilizer) and the non-agricultural applications (i.e., soil remediation, biochar
production, landfill cover, and landscape restoration). In line with the concept of circular
economy, European Commission has specified certain principles to collect revenue from
OFMSW digestate. Beggio et al. have recently statistically analyzed the quality of digestate
from OFMSW and agro-industrial feedstock. The results suggest that digestate derived from
OFMSW could be considered for direct agricultural use as fertilizer. However, it is worth
mentioning that the feasibility of using OFMSW digestate should be further investigated
by considering hygiene features and ecotoxicological thresholds. This approach is being
introduced in other developed countries, including Canada. Policymakers are working
on national regulations defining digestate quality to ensure the economic viability and
environmental safety of OFMSW digestate use [45]. The most successful reference of using
OFMSW digestate as class A fertilizer is the Realto bioenergy facility in California, United
States. This facility has the capacity to receive 700 tonnes per day pre-processed SSO
and 300 tons per day dewatered WWTP sludge and convert them into 3 MW electricity,
1200 standard, cubic feet per minute RNG, and 26 tonnes per day biochar.

In Canada, to involve stakeholders in AD projects, a national AD guideline document
has been developed by the Canadian Biogas Association (CBA) [46]. The guideline includes
the following features:

e Best planning, design, and operational practices to assist stakeholders (i.e., project
developers, regulators, organizations);
Recommendations supporting the circular economy concept;
A clear outline to assist stakeholders in converting food and organic waste streams
using AD.

7. Conclusions

Detailed information on the proportion of organic waste diverted from MSW and
recent Canadian regulations and incentives enable decision makers to select the best strate-
gies for waste management. The FIT program shifted the conventional waste management
strategies to highly integrated biogas production strategies between 2010 and 2017, particu-
larly in Ontario. However, to reach the global Paris Agreement and join leading countries in
biogas production, Canada should focus more on the reform of renewable energy policies
and economic incentives. The introduction of OFMSW into the cities existing WWTPs
provides significant opportunities for Canada’s renewable energy market. However, more
studies are needed on pretreatment technologies to generate more biogas and accomplish a
better rate of organic decomposition to make the process more effective and economically
feasible. Most digesters in Ontario work at low volume (1000 to 2000 m?®) and generate
100-500 kW of electricity for being used on-site. The province has only a capacity of around
100 AD facilities that convert organic waste into biofuels, biopower, and bioproducts.
Incineration still is the most widely used technology for resource recovery from MSW.
Considering how the biogas industry has evolved in Europe, it can be concluded that the
biogas industry growth in Canada relies on (1) provincial energy and waste management
policies; (2) using advanced technologies for diverting organic waste from landfill; (3) im-
proving biogas yield using existing pretreatment methods; (4) educating farmers regarding
digester operations. Future studies in the field should focus on obtaining a 100% renewable
energy system and reducing capital investment cost via developing a novel energy system
integrating photovoltaic, wind turbine generation, hydrogen, and battery storage.
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