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Abstract

Three waste management system (WMS) efficiency indicators are adopted to systematically assess WMS efficiency in
Canada from 1998 to 2016. The study objectives are to examine the temporal changes in waste diversion activities and
rank the performance of the jurisdictions using a qualitative analytical framework. Increasing Waste Management Output
Index (WMOI) trends were identified in all jurisdictions, and more government subsidiaries and incentive packages are
recommended. With the exception of Nova Scotia, statistically significant decreasing diversion gross domestic product
(DGDP) ratio trends are observed. It appears that the increases in GDP from Sector 562 were not contributing to waste
diversion. On average, Canada spent about $225/tonne of waste handled during the study period. Current spending per tonne
handled (CuPT) trends are decreasing, with S ranging from+5.15 to+7.67. It appears that WMSs in Saskatchewan and
Alberta are more efficient. The results suggest that the use of diversion rate alone to evaluate WMS may be misleading. The
findings help the waste community to better understand the trade-offs between various waste management alternatives. The
proposed qualitative framework utilizing comparative rankings is applicable elsewhere and can be a useful decision support
tool for policy-makers.

Keywords Sustainable waste management system - Municipal solid waste - Diversion efficiency - Cost-effectiveness -
Materials handled efficiency indicators - Provincial-wide comparisons

Abbreviations NAICS North American Industrial Classification System
WMOI Waste Management Output Index

Location abbreviations
WMS  Waste management system

CA Canada

NS Nova Scotia DR Diversion rate
. PC Percentage change
ON Ontario SAW Simple additive weighting
SK Saskatchewan
AB Alberta
Other abbreviations Introduction
CuPT  Current spending per tonne handled
DGDP  Diversion gross domestic product ratio Municipal solid waste management
GDP Gross domestic product
MK Mann—Kendall Global municipal solid waste (MSW) generation has
MSW  Municipal solid waste increased significantly over the past decades (Karak et al.

2012). It is estimated that around 11.2 billion tonnes per year
of solid waste is collected globally, and the organic portion
of this waste contributes roughly 5% of global greenhouse
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D4 Kelvin Tsun Wai Ng gas emissions (United Nations 2018; Mora et al. 2021).
kelvin.ng@uregina.ca MSW generation characteristics and recycling behaviors can
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Canada Asghar 2018), and urbanization (Vij 2012). A 2018 World
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Bank report estimated that global waste will increase around
70% by 2050 if proper MSW plans and waste minimization
programs are not fully developed and implemented (Kaza
et al. 2018). Temporal changes in MSW composition have
also been reported in different countries (Abdel-Shafy and
Mansour 2018; Vu et al. 2021b). The ever-changing waste
quantity and quality makes proper waste management plan-
ning and performance evaluation challenging. The adverse
environment effects associated with improper MSW man-
agement such as biodiversity loss, surface and groundwater
contamination, and human health degradation have been
well documented (Bernache 2003; Khadka 2021; Maryev
and Smirnova 2021). In addition, the environmental and
social costs associated with municipal waste management
and recycling are increasingly expensive (Mohsenizadeh
et al. 2020; Harijani and Mansour 2022).

Many waste studies have focused on the examination
of various plans, specific management strategies, and the
regulation of particular waste management schemes (Park
and Berry 2013; Kosoe et al. 2021; Parizeau et al. 2021). For
example, Lakhan (2015) studied MSW recycling in Ontario,
Canada, and concluded that the elimination of recycling
programs in high-cost regions such as northern rural areas
may improve waste management efficiency without negatively
impacting the overall waste diversion rate. Wang et al. (2016b)
used a province wide comparison approach to investigate
the MSW generation trends and recycling characteristics
in Western Canadian provinces. Their results showed that
curbside recycling programs and pay as you throw collection
systems are important factors for improving waste diversion
in Saskatchewan, Canada (Wang et al. 2016b). Richter et al.
(2017) evaluated the associations between waste diversion and
disposal trends using different socio-economic factors such as
gross domestic product (GDP), employment, expenditure, and
business size in various Canadian provinces and reported that
Nova Scotia’s waste diversion increased by 35% compared to
the national increase of 1.5% over the 14-year study period
(Richter et al. 2017). Waste management system efficiencies
in low-density population regions of Nova Scotia, Canada,
are further assessed by Richter et al. (2021), considering their
expenditure in waste collection. According to Richter et al.
(2021), the spatial distribution of waste facilities, as well as
the presence of an intensified road network, is important to an
efficient and cost-effective waste management system. Assuah
and Sinclair (2021) studied twelve First Nations communities
in Canada’s western provinces and concluded that sufficient
funding is vital to the continued success of various waste
management programs. Most of the waste studies however
do not explicitly address waste management system (WMS)
efficiency and effectiveness. The present study applies
efficiency indicators with a qualitative ranking framework to
assess WMS efficiency in Canada.

Waste management system efficiency in Canada

Canada generates more MSW per capita than most
industrialized nations (Bruce et al. 2016; Wang et al.
2016b), and it is selected as the study area. In 2018,
over 25.7 million tonnes of waste were generated and
only about 30% is recycled (Statistics Canada 2021a, c).
Canadian waste studies are however limited (Ghosh and
Ng 2021; Islam et al. 2022). Given the large land area
of Canada, the efficiency and effectiveness of WMSs is
especially important (Kabir et al. 2022).

Most of the Canadian MSW have been disposed of
at landfills, and landfilling is the most commonly used
MSW treatment method (Richter et al. 2019b; Karimi et al.
2020; Nazari et al. 2021). For example, data showed that
the number of landfills per capita in prairie provinces of
Canada was over 15 times greater than those in the United
States in 2015 (University of Michigan 2017; Govern-
ment of Saskatchewan 2020). Despite of the popularity
of landfilling in Canada, permanent land disposal is often
considered as the least preferred option in many waste
management hierarchies (Pires and Martinho 2019; Statis-
tics Canada 2021b; Tsai et al. 2021). Landfill gas emission
(Bruce et al. 2018; Karimi et al. 2021) and groundwater
contamination by leachate (Fallah et al. 2019; Pan et al.
2019b) are common concerns. Waste recycling is therefore
universally preferred. However, recycling is an expensive
and energy intensive practice. Therefore, efficiency and
effectiveness of waste systems are crucial if recycling
systems are to be adopted. Waste diversion rate (DR), a
jurisdictionally comparable index, is often used to quantify
the extent of recycling activities (Statistics Canada 2018).

Waste diversion performance indicators

Reliable and assessable data is required for compressive
evaluation of any WMS efficiency (Reutter et al. 2017,
Sarra et al. 2020; Xu et al. 2020). DR is widely used to
measure the sustainability of waste management plans and
recycling programs across the globe (Ratnasabapathy et al.
2020; Akinwonmi 2021). A higher DR usually signals a
more comprehensive recycling program and/or a higher
willingness for the residents to participate in the recy-
cling programs and waste minimization initiatives. Pan
et al. (2019a) examined the performance of MSW diver-
sion models in four Western Canadian provinces between
1998 and 2014 and reported that the use of DR alone has
failed to adequately describe the performance of Cana-
dian WMSs. Bolingbroke et al. (2021) stated that DR is
not a WMS efficiency indicator and that the sole use of
DR in the evaluation of WMS can be misleading. Many
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researchers have suggested alternative performance indica-
tors accounting for the total costs of such a system to bet-
ter address waste system efficiency (Zaman and Lehmann
2013; Cavalletti and Corsi 2019; Bolingbroke et al. 2021).

Pan et al. (2019a) proposed an original set of indices
including the Waste Management Output Index, the diversion-
GDP ratio, and the diversion-expenditure ratio to examine
the efficiency characteristics of waste management programs.
Recently, Bolingbroke et al. (2021) developed a jurisdiction-
ally comparable index known as diversion size indicator and
successfully applied it to assess the efficiency of Canadian
WMSs. Bolingbroke et al. (2021) further concluded that
input—output indicators are crucial in evaluating the financial
and managerial efficiencies of MSW management programs,
particularly with respect to waste diversion. Comparing to
most industrialized nations, Canadians generate more MSW
per capita (Conference Board of Canada 2021) and recycle
less (Richter et al. 2017). Canada is selected in this study as
the location to examine WMS efficiency from 1998 to 2016,
the years of which data is available.

Study objectives, novelty, and potential impact

The study objectives are to [i] examine the temporal changes
in waste diversion activities in four Canadian provinces
and the national average using descriptive statistics and
Mann—Kendall tests, [ii] evaluate the performance of
the provinces using a set of efficiency indicators, and
[iii] rank the provinces using a qualitative analytical
framework. Unlike other waste studies that investigated
waste management performance in a given city, this study
comprehensively evaluates the overall effectiveness of WMSs
using the Waste Management Output Index (WMOI), the
diversion-GDP ratio (DGDP), and the current expenditure
per tonne of waste handled (CuPT). These indicators were
originally proposed by Pan et al. (2019a) and Bolingbroke
et al. (2021). The mathematical formulations are provided
in the “Methodology” section. The indicators were adopted
in this study to systematically assess Canadian WMSs
efficiency in temporally. In addition, a qualitative assessment
framework utilizing comparative rankings is proposed. The
framework is believed to be applicable in Canada and other
jurisdictions. Studies on WMS effectiveness and efficiency
are very limited (Pan et al. 2019a; Bolingbroke et al. 2021;
Kabir et al. 2022), and the proposed ranking system is easy
to use and of interest and beneficial to any decision-maker in
MSW management sector. The use of efficiency indicators
with a qualitative ranking framework is original and fills the
literature gap in the assessment of WMSs. The proposed
analytical approaches are easy to implement and can be
applied in other countries.

@ Springer

Methodology
Waste statistics and study area

Canadian waste statistics from 1998 to 2016 were collected
using the national biennial waste data sets from Statistics
Canada (Statistics Canada 2018). The most recent avail-
able set is 2018; however, the 2018 set is excluded due to
the fact that Statistics Canada customarily revises the most
recent data set in the subsequent biennial report. Canadian
data on hazardous waste and other directly diverted waste
such as backyard composting were not considered in the
waste diversion calculations. All monetary inputs such as
GDP and current expenditures are expressed in Canadian
dollars ($). Data availability and uncertainties associated
with the Canadian waste statistics have been reported and
discussed by others (Bruce et al. 2016; Wang et al. 2016b).
Hence, Statistics Canada data was adopted for waste statis-
tics and monetary inputs to allow rapid comparison with
literature.

Given their waste management characteristics and recy-
cling behaviors, a total of four representative provinces
were selected in this study, including Nova Scotia (NS),
Ontario (ON), Saskatchewan (SK), and Alberta (AB).
Nova Scotia was selected since it has implemented many
pioneering waste management programs, particularly its
organic recycling program, and has some of the country’s
highest waste diversion rates (Richter et al. 2019a; Diggle
and Walker 2020). Ontario is the most populous province
in Canada and its waste management and recycling plans
are generally used as a benchmark for other provinces
(Lakhan 2015; Chowdhury et al. 2017). Saskatchewan
and Alberta were selected to identify the waste manage-
ment characteristics in the Canadian prairies since many
communities are currently considering waste management
regionalization to improve operation efficiency (Karimi
et al. 2020, 2022; Ghosh and Ng 2021). The national aver-
age for Canada (CA) is also considered for comparison
purposes. In this study, efficiency is defined as the ability
to get higher outputs from the same inputs to a WMS.

Waste management system performance indicators

The North American Industry Classification System
(NAICS) is a widely adopted standard for classifications of
business activities in Canada, the USA, and Mexico. NAICS
Sector 562 generally addresses the Waste Management and
Remediation Services (Statistics Canada 2016). Specifically,
the three primary sub-disciplines of Sector 562 are Sectors
5621 — Waste Collection; 5622 — Waste Treatment
and Disposal; and 5629 — Remediation and other Waste
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Management Services. Sectors 5621 and 5622 are directly
related to the MSW management industry. Sector 5629 also
includes site remediation works such as cleanup of polluted
buildings, mining areas, polluted water resources, land soils
(Statistics Canada 2016), and other waste management
services. To better understand the effectiveness of a WMS,
total economic output from Sector 562 was compared to the
total economic output of the provinces. This dimensionless
indicator was first proposed by Pan et al. (2019a) and is
known as the Waste Management Output Index (WMOI),
shown in Eq. 1. This indicator is useful in North America
and other countries who have adopted the NAICS for
trading purposes.

GDP from Sector 562

WMOI =
GDP from all Sectors

% 100% 1)

For a given jurisdiction, a smaller WMOI means that
the waste sector does not drain a lot of the jurisdiction’s
overall gross domestic product, whereas a WMOI of one
indicates that the jurisdiction’s GDP is solely dependent on
the economic output of Sector 562.

A diversion ratio indicator, diversion-GDP ratio or
DGDP, is used to analyze the effectiveness of MSW
recycling in a jurisdiction for a given economic output.
The DGDP ratio, proposed by Pan et al. (2019a) with a
unit of $7!, is shown in Eq. 2. The current expenditure
per tonne of waste handled (CuPT), first proposed by
Bolingbroke et al. (2021), is an indicator that signifies how
much financial resource a jurisdiction spends on managing
a given quantity of MSW. The amount of waste handled
comprises the total of diverted and disposed waste by
weight. CuPT is expressed in $/tonne, as shown in Eq. 3.
Both DGDP and CuPT are used to examine the temporal
changes of the jurisdiction’s WMS. The rationales of the
WMOI, DGDP, and CuPT are discussed previously (Pan
et al. 2019a; Bolingbroke et al. 2021) and are not repeated
here. Recently, Kabir et al. (2022) adopted these indicators
and compared the economic efficiency of Canadian WMSs
integrating the fuzzy analytic hierarchy process with the
efficacy method.

Unlike the dimensionless WMOI, both DGDP and CuPT
specifically assess the efficiency of WMS in terms of its
economic performance. The three indicators are integrated to
develop a qualitative provincial comparative ranking system in
this study, as further discussed in the “A qualitative analytical
framework and province-wide comparison” section.

Diversion rate

DGDP =
G GDP from Sector 562 @

Current expenditure
CuPT =

3

Tonnes of waste handled

Trend analysis

Most simple regression analysis requires a normal distrib-
uted data set. Given the limited sample size (n=10) in this
study, Mann—Kendall (MK) tests are used to examine the
temporal changes of the waste diversion rates from 1998 to
2016. MK test is a non-parametric statistical tool that is used
to identify monotonic trends in time-series data (Chowdhury
et al. 2017; Tiwari and Pandey 2019) and is adopted in the
current study to analyze the recycling behavior of different
WMSs. Unlike linear regression, the MK test can handle
irregular data intervals regardless of data normality distri-
bution (Fu and Weng 2015; Wang et al. 2016a), and a nor-
mal distribution of the data is not necessary. Sen’s slope ()
describes the linear trend in a time series. A positive Sen’s
slope (S>0) indicates a rising monotonic trend, whereas a
negative value (S < 0) indicates a falling trend (Mann 1945;
Pranuthi et al. 2014). Similar to Leveugle et al. (2009) and
Andrade et al. (2019), a confidence level of 95% was adopted
in the MK trend analysis (p < 0.05).

Short-term changes of the diversion rates can be pre-
sented by the percentage change (PC). It is calculated for
each of the 2-year Statistics Canada reporting period using
the previous reporting year as the denominator and can be
positive or negative (Eq. 4). Mean PC is the average of all
the PCs during the entire 18-year study period and is used
in this study as a supplementary parameter to assess the
short-term variability of waste diversion activities within
a jurisdiction.

Current DR — Previous DR

PC =
Previous DR

X 100% 4)

A qualitative analytical framework
and province-wide comparison

The performance of the selected four provinces was inves-
tigated using the three mean indicators during the 18-year
study period. The national average (CA) was also used as a
benchmark in the province-wide comparison. The relative
provincial performances were then translated into a final
score using a simple additive weighting (SAW)-based tech-
nique. Since the selected three indicators (Eqs. 1-3) examine
different aspects of a WMS and have different units, the final
score should be interpreted qualitatively and not quantitively.
We believe a relative comparison approach is more appropri-
ate in this study because factors affecting WMS efficiency
such as population densities and intensity of road network
(Richter et al. 2021) are inconsistent among the jurisdictions.

Integration of multiple performance indicators to form
an overall assessment is commonly used for comparative
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rankings in multi-criteria-decision-analysis studies
(Kaliszewski and Podkopaev 2016; Fernandes et al. 2018;
Rutten-van Molken et al. 2018). For example, Jovanovic
et al. (2016) applied a basic SAW technique to integrate
all features of the proposed waste management treat-
ment solutions. Similarly, Karimi et al. (2020) adopted a
SAW method to incorporate constraints and rank suitable
regions for future waste facilities. The proposed assess-
ment framework is shown in Fig. 1. The jurisdictions with
the lowest values of all three efficiency indicators (i.e.,
WMOI, DGDP, and CuPT) are ranked as 3, whereas prov-
inces with the highest efficiency indicators are ranked as
15. A higher rank represents a province with a more effi-
cient and effective WMS and vice versa. Uncertainties in
Canadian waste data is not uncommon (Bruce et al. 2016;
Wang et al. 2016b); the use of a province-wide comparison
framework allows meaningful analysis of WMS efficiency.

Results and discussion
Diversion rates among Canadian provinces

Table 1 shows the descriptive statistics and data varia-
tions of provincial and national waste diversion rates (DR).
During the study period, the Canadian national (CA) aver-
age DR was 23.95% with a mean PC of + 1.33%. NS, one
of the Maritime provinces, has a national leading waste
diversion program, with the highest mean DR of 37.60%.

SN
The three
Indicators

CuPT

/:\
Comparative

Rankings
(NS, ON, SK, AB, CA)

/:
Qualitative
Comparsions

Worst =1, § Worst =1,

Best =5 Best =5

Fig.1 The development of a qualitative ranking system using the three
WMS indicators

Richter et al. (2017) reported that NS has considerably
more waste management businesses per capita and more
waste sector employees compared to other Canadian prov-
inces. Specifically, there were nearly twice as many waste
management businesses per capita in NS (6.35 business/
cap) than in ON (3.65 business/cap) in 2010 (Richter et al.
2017). Diggle and Walker (2020) also reported that NS has
been considered a pioneer in attaining waste minimiza-
tion goals through diversion and recycling. The mean PC
of NS was +9.55%, over 7 times higher than the national
average (the national averages are bolded in Table 1).
PC measures the short-term variability of diversion rates
within a 2-year period. A high positive mean PC in NS
suggested that the WMS is dynamic and improving stead-
ily in the 18-year study period.

The most populous province, ON, have similar, but
slightly lower, mean DR (22.33%) and mean PC (+ 1.09%)
compared to the national average. According to Lakhan
(2016), the financial allocation of Ontario’s municipal
recycling funding failed to meet its maximum waste diver-
sion goals. Furthermore, the prairie provinces AB and SK
have much lower mean DR from 1998 to 2016. For exam-
ple, mean DR of AB was only 15.38%, about 36% less than
the national average. Similar finding is reported by Bruce
et al. (2016), which showed the average diversion rate in
AB from 1996 to 2010 was 15.01%. On the other hand,
waste diversion activities in AB appear responsive and
improving, with the second highest mean PC of +6.79%.
The improvement in diversion rates may be attributed to
AB’s progressive solid waste management plan in 2007
where targeted disposal bans and various paper and pack-
aging programs were promoted (Alberta environmental
network 2021). SK had the lowest mean diversion of
14.34%, slightly lower than that of AB. Waste diversion
rates were historically lower in Canadian prairie provinces
(Wang et al. 2016b; PPPEC 2019), probably due to lower
population densities, larger rural populations, and poorer
accessibility to waste diversion programs and initiatives
(Assuah and Sinclair 2021; Ghosh and Ng 2021; Richter
et al. 2021). Unlike other provinces, the mean PC was
negative (—2.04%) due to the reduction in waste diversion
rates from 1998 to 2006 (Wang et al. 2016b).

Table 1 Average waste DRs

. Province Min DR (%) Mean DR (%) Max DR (%) Mean PC (%)

in Canada from 1998 to 2016

(ordered based on the mean DR)  Nova Scotia (NS) 20.30 37.60 45.01 +9.55
Canada (CA)* 20.95 23.95 27.06 +1.33
Ontario (ON) 19.02 22.33 25.89 +1.09
Alberta (AB) 10.26 15.38 19.28 +6.79
Saskatchewan (SK) 11.36 14.34 20.56 —-2.04

“CA is the national average
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Temporal variations of the three waste indicators
Waste Management Output Index

WMOI quantifies the relative economic output of the waste
management sector in a jurisdiction (Eq. 1), and the temporal
variations of WMOI are shown in Fig. 2. Statistically signifi-
cant increasing monotonic trends were detected by MK test
in all jurisdictions from 1998 to 2016 (+0.005 <S< +0.021).
The numerical results suggest that Canadian waste manage-
ment sector was developing steadily and had become a larger
leach on the economy during the 18-year period. For example,
the national average (broken line, Fig. 2) increased over two-
fold from 0.128% in 1998 to 0.309% in 2016. A closer look
at the curves reveals that ON, the most populous province,
contributed significantly to the national data. For example, a
decreasing WMOI trend between 2014 and 2016 is observed
in both ON and CA despite of the consistent increasing trends
in AB, NS, and SK.

A substantial increase in AB’s WMOI was observed after
2008, reaching the peak of 0.445% in 2016. The finding
is consistent with Alberta’s decision to better incorporate
remediation strategies into the 2008 solid waste management
plan (Government of Alberta 2017; Statistics Canada 2017).
Pan et al. (2019a) also found that increased GDP from Sector
562 might be due to the ripple effect of clean-up activities
in Alberta’s oil and gas industry. Caution should be used
when interpreting WMOI results. The use of WMOI alone
to evaluate WMS efficiency is not recommended.

The variations are noticeably higher in the NS curve. For
example, the NS’s WMOI curve was similar to the national
average (CA) from 1998 to 2002, above national average
from 2004 to 2008, and below national average after 2010.

Fig.2 Economic outputs of 0.45
waste management sector in

four Canadian provinces over 0.4
the study period SK

WMOI (%)

0.1

1998 2000 2002

It is not clear why more variations are observed in NS, but
the NS waste management sector appears more dynamic and
responsive to the economy cycle (Richter et al. 2018). Unlike
other curves, the WMOI of SK is significantly lower, with an
average WMOI of about 0.102%. The SK curve also appears
smoother, with less abrupt changes between the reporting
years. More government subsidiaries and incentive packages
are recommended to improve size of the waste management
sector in Saskatchewan in a stagnant market.

Diversion—gross domestic product ratios

Temporal changes of the DGDP ratios are shown in
Fig. 3. With the exception of NS, the MK test shows sta-
tistically significant decreasing trends in all jurisdictions
(—=0.005<S< —0.013, p<0.05). The MK test however
failed to detect a statistically significant monotonic trend
for NS (p>0.1), probably due to the single peak of 0.641
$~! in the year 2000.

The national average (broken line, Fig. 3) decreased from
0.471 $7"'in 1998 t0 0.163 $~" in 2014 and slightly increased to
0.174 $~" in 2016. Consistent trend is again observed for ON,
with a slight increase in DGDP between 2014 and 2016. The
decreasing trend is most obvious in SK among the jurisdictions,
with a MK test Sen’s slope (S) of —0.013 (p <0.001).

Overall decreasing DGDP trends in Fig. 3 suggest that the
increases in GDP from Sector 562 depicted in Fig. 2 were not
contributing directly to MSW diversion activities. Although
more financial resources were allocated in the Canadian waste
sector in the recent years, majority of them were not directed to
MSW diversion and recovery, but to other services such as site
remediation and industrial waste treatment. For example, AB
has a more predominance waste sector economically between

2004 2006

Year

2008 2010 2012 2014 2016
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Fig.3 Waste diversion per total 0.8 ‘ ‘
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2012 and 2016 (green curve, Fig. 2), but the corresponding
DGDRP curve is flat and stagnant during the same period (Fig. 3).
This observation is also consistent with Asha (2015), who con-
cluded that AB’s waste management plan was narrowly defined
and focused solely on a handful for residential waste diversion
programs. On the other hand, NS has a considerably higher aver-
age DGDP of 0.466 $~! than AB (0.261 $~1), probably due to
a considerably higher average DR (Table 1). Development of
MSW diversion initiatives and educational outreach can be time-
consuming and expensive (Ferrara and Missios 2005; Lakhan
2014; Chowdhury et al. 2017); it is thus recommended more

Fig.4 Current spending per 400
tonnes of waste handled over

the stud iod
e study perio 350

300

S}
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(=]

200
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J—
W
(=}

100

50

0
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@ Springer

‘ n

2004 2006 2008 2010 2012 2014 2016

Year

resources to be allocated specifically to MSW recycling and
recovery.

Current expenditure per tonne of waste handled

On average, Canada spent about $225/tonne of MSW han-
dled during the study period (Fig. 4). Overall increasing CuPT
trends are observed over the study period, with S ranged
from+5.15 to+7.67 (p <0.01). Unlike DGDP which focus
solely on diversion, CuPT covers the entire life cycle of waste
management services including on-site storage, collection

—=—NS ——0N SK
—#—AB = ==CA
2004 2006 2008 2010 2012 2014 2016

Year
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and transfer, processing and recovery, and treatment and dis-
posal. An increasing trend suggests that Canadians spent more
financial resources to handle MSW over the study period.
For example, Canadians spent about $179/tonne in 1998, and
was increased to $274/tonne in 2016, representing a 53.7%
increase in 18 years (broken line, Fig. 4). The increasing CuPT
trends may reflect the recent additions of programs and regu-
lations to diversify waste management services, increased
costs of the service, and overall higher customer expecta-
tions. Bolingbroke et al. (2021) however stressed that CuPT
is sensitive to the wet weight of materials and can be affected
by waste composition and origin. As such, the results among
jurisdictions should be interpreted cautiously.

As shown in Fig. 4, CuPT in ON and AB is on par with
the national average. On the other hand, the average CuPT for
NS was $339/tonne, about 150.5% of the national average,
or 246.6% of SK. NS not only has a higher number of waste
management enterprises and waste management personnel per
capita (Richter et al. 2017), but also has the highest DR in the
country (Table 1). SK spent the least monetary values on MSW
management among the jurisdictions, with an average CuPT of
$138/tonne, or about $87/tonne less than the national average.
The lack of diversified waste management programs and finan-
cial resources in SK may be a factor on lower DR (Table 1).

Provincial comparison based on the ranking
of the provinces

Figure 5 shows the overall scores using a SAW-based
provincial comparison. As discussed in the “Methodology”

Fig.5 Provincial comparison 12
of WMS efficiency using SAW
method

10

Score
(e)]

section, a maximum score of 15 is awarded if a jurisdiction
ranks first in all three indicators, representing better WMS
performance. The lowest possible score is therefore 3. Among
the provinces, ON has a score of 8, the lowest in the study.
The national average, CA, also has a score of 8. On the
contrary, the prairie provinces SK and AB have the highest
score of 10. The finding is interesting that even though SK
and AB lagged behind in DR (Table 1), the efficiency of
their WMSs was relatively better. The results suggest that the
use of DR alone to evaluate WMS may be misleading, as
it fails to quantify the required inputs. For example, NS has
been historically a national leader in MSW diversion, which
obtained a mid-ranged score of 9 in this study. It appears
that considerably higher monetary resources are required to
achieve top diversion rates in Canada. This is probably due to
the diminishing returns in waste diversion investment.

The relative contributions of the indicators to the final
score can be quite different among jurisdictions. For example,
the national average (CA), appears more well-rounded in the
ranking. SK and AB, on the other hand, are heavily skewed.
SK had a small WMOI and a small WMS sector, but was more
efficient economically. AB, on the other hand, had a large
presence of the waste management business sector, but lagged
behind in waste diversion services (a least ranked DGPD).
Given the amount of MSW generated daily, the use of public
money on WMS planning, design, and operation requires
sound financial management. The findings help decision
makers to better understand the trade-offs between various
waste management options and to develop a sustainable
WMS. Given rapid population growth and urbanization, an
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efficient WMS is vital to many of our sustainable development
goals. Currently, there is no universally accepted method on
evaluation of WMS efficiency, and the proposed analytical
framework fills the knowledge gap. Efficiency assessment
tool is especially important during the pandemic period, as
COVID-19-related administrative measures and lockdowns
have impacted waste recycling and disposal practices in
Canada (Vu et al. 2021a; 2021b).

Limitations

Due to the data availability, some of the recent data is
not included. Privacy-related data suppression in some
jurisdictions also creates impediments to a national
comparison. Interprovincial or international transportation
of waste materials is not uncommon in Canada, and
recyclables may be transported in laboring jurisdictions
for recycling and disposal. These MSW transportations
crossing borders are not considered in the present study.
Only three indicators are considered in the study. More
input—output indicators can be incorporated in the
proposed ranking framework. In the future, the proposed
ranking framework can include waste from non-residential
sector to provide a more comprehensive assessment of the
WMS. Other operation research techniques such as data
envelopment analysis (DEA) models can also be used
to study waste management system efficiency (Wu et al.
2019; Molinos-Senante et al. 2022; Ye et al. 2022). WMS
is complex, and multiple factors and metrics should be
considered when evaluating WMS efficiency.

Conclusion

Many waste studies have focused on WMS of a single
city, state, or province, but comprehensive examination of
WMS at a national level is mostly ignored. In this study,
the temporal changes in waste diversion are examined using
various efficiency indicators, and overall, WMS performance
is assessed using a SAW based ranking framework. NS is
a national leader in waste diversion rate, with DR ranging
from 20.3 to 45.0% over the 18-year study period. On the
contrary, AB and SK have considerably lower average DR
of 15.4% and 14.3%, respectively. A high positive mean PC
of +9.55% in NS suggested that its WMS is more dynamic
and responsive. Increasing WMOI trends were detected in
all jurisdictions. SK had an average WMOI of about 0.102%,
the lowest among the jurisdictions. More government
subsidiaries and incentive packages are recommended.
With the exception of NS, statistically significant decreasing
DGPD trends are observed in all jurisdictions. It appears that

@ Springer

the increases in GDP from Sector 562 were not contributing
to MSW diversion. The AB’s DGPD curve is considerably
lower than the national average, and more resources to MSW
diversion is recommended. On average, Canada spent about
$225/tonne of MSW handled during the study period. CuPT
trends are decreasing, with S ranging from+5.15 to+7.67,
probably due to more diversified waste management services
and improved level of services. The average CuPT for NS
was $339/tonne, about 150.5% of the national average, or
246.6% of SK. Diversion rate is commonly used as a WMS
performance indicator. DR however is not an efficiency
indicator and may fail to fully capture the true performance
of a WMS. A qualitative ranking framework is adopted in
this study to evaluate the WMS performance. The results
suggest that the use of DR alone to evaluate WMS may be
misleading. It appears that WMS in SK and AB are more
efficient, at least using the three indicators considered in
this study. The findings help the waste community to better
understand the trade-offs between various waste management
alternatives. We believe the use of input—output indicators
is important to evaluate the true performance of WMS, and
we recommend the use of these input—output indicators.
The proposed qualitative framework utilizing comparative
rankings is applicable elsewhere and can be a useful decision
support tool for policy-makers.
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