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Abstract
More than half of financial resources allocated for municipal solid waste management are typically spent on waste collec-
tion and transportation. An optimized landfill siting and waste collection system can save fuel costs, reduce collection truck 
emissions, and provide higher accessibility with lower traffic impacts. In this study, a data-driven analytical framework is 
developed to optimize population coverage by landfills using network analysis and satellite imagery. Two scenarios, SC1 
and SC2, with different truck travel times were used to simulate generation-site–disposal-site distances in three Canadian 
provinces. Under status quo conditions, Landfill Regionalization Index (LFRI) ranging from 0 to 2 population centers per 
landfill in all three jurisdictions. LFRI consistently improved after optimization, with average LFRI ranging from 1.3 to 2.0 
population centers per landfill. Lower average truck travel times and better coverage of the population centers are generally 
observed in the optimized systems. The proposed analytical method is found effective in improving landfill regionalization. 
Under SC1 and SC2, LFRI percentages of improvement ranging from 58.3% to 64.5% and 22.7% to 59.4%, respectively. 
Separation distance between the generation and disposal sites and truck capacity appear not a decisive factor in the opti-
mization process. The proposed optimization framework is generally applicable to regions with different geographical and 
demographical attributes, and is particularly applicable in rural regions with sparsely located population centers.

Keywords  Landfill Regionalization · Nighttime Light Satellite Imagery · GIS Network Analysis · Optimized Municipal 
Solid Waste Collection System · Canadian Northern and Rural Areas

Introduction & literature review

Municipal solid waste collection costs and impacts

Municipal solid waste (MSW) collection and transpor-
tation have been identified as a major share of opera-
tional costs in MSW management (Akhtar et al. 2017; 
Aliahmadi et al. 2020; Sanjeevi and Shahabudeen 2016), 
ranging from approximately 40% to 85% of total budgets 
in urban and rural areas (Behi et al. 2021; Richter et al. 
2018; Yadav and Karmakar 2020). Thus, even a slight 

enhancement in collection efficiency would result in sig-
nificant savings (Erfani et al. 2017; Hannan et al. 2020; 
Rızvanoğlu et al. 2019). In addition, there are often envi-
ronmental and social concerns associated with inefficient 
waste collection (Xue et al. 2015; Erfani et al. 2017). 
These concerns include but are not limited to increased 
greenhouse gas emission (Gilardino et al. 2017; Budzi-
anowski 2016), elevated traffic congestion and fuel con-
sumption (Erfani et al. 2017; Vu et al. 2018), extended 
nuisance including physical, chemical, and biological 
stressors in waste generation sites (Hannan et al. 2018; 
Hua et al. 2017), and lessened geographical coverage 
of populated regions (Akhtar et al. 2017). As a result, 
an effective MSW collection system with strategically 
sited landfills would be of practical importance to regu-
lators and policymakers seeking ways to reduce opera-
tional costs while addressing environmental and social 
concerns (Hannan et al. 2018; Taşkın and Demir 2020).
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MSW collection system and landfill site selection

The literature shows that landfill siting and suitability 
analysis are mostly done using multicriteria decision-
making tools (Karimi et  al. 2020; Rahimi et  al. 2020; 
Rezaeisabzevar et  al. 2020), and network analysis and 
route optimization are not explicitly considered. On the 
other hand, the majority of waste collection studies focus 
on the conventional vehicle routing problem (VRP) as a 
proxy for optimization of MSW collection system (Ali-
ahmadi et al. 2020; Reed et al. 2014; Hannan et al. 2018) 
with predetermined disposal sites. VRP defines the shortest 
path between waste generation points and waste facilities 
such as landfills (Reed et al. 2014; Vu et al. 2018). Differ-
ent heuristic and meta-heuristic methods such as genetic 
algorithm (Viotti et al. 2003; Karadimas et al. 2007) and 
ant colony optimization (Islam and Rahman 2012; Liu and 
He 2012; Aksaraylı 2018) were successfully applied and 
reported. These algorithms provide suitable solutions for 
waste collection problems (Hannan et al. 2018), particu-
larly with respect to a given city or urban area. However, 
population coverage of landfills (the number of population 
centers served by a landfill) is often not directly addressed 
in these city-focused waste collection studies. Ideally, both 
urban and rural areas should be incorporated into a regional 
setting in the establishment of a sustainable waste manage-
ment system (Franco et al. 2021; Karimi et al. 2022b).

Given the size of rural areas, Geographical Information 
System (GIS) and Remote Sensing (RS) data are typically 
used to site regional landfills. GIS and RS data have been 
successfully unitized in dealing with different aspects of 
MSW management problems, including landfills regionali-
zation (Richter et al. 2019b, 2021a, b), siting and suitability 
analysis (Richter et al. 2019a; Ajibade et al. 2019; Chabok 
et al. 2020), monitoring environmental anomalies in the 
vicinity of disposal sites (Karimi et al. 2021a, b, 2022a; 
Mahmood et al. 2017), and collection optimization meth-
ods (Vu et al. 2018; Rızvanoğlu et al. 2019; Yousefloo and 
Babazadeh 2020). The establishment of a MSW manage-
ment system in urban and rural areas involves large geospa-
tial areas and many spatial variables. This complexity can 
be easily dealt with using various GIS tools and assump-
tions (Aliahmadi et al. 2020). Route optimization models 
and network analysis datasets in GIS such as storage bin 
locations, demand points, waste facilities, road types, and 
speed limits are reported to be effective in a Singaporean 
study (Xue et al. 2015). In addition to enhancing the collec-
tion system with the VRP algorithm, GIS is able to evalu-
ate different practical scenarios including shortening travel 
time and/or travel distance, incorporating specific locations 
along the route, designing different accumulated travel time 
for the collection fleet, and considering capacity constraints 

for collection trucks (Huang and Lin 2015; Vu et al. 2018). 
Recently, Karimi et al. (2020) have integrated a multicri-
teria decision-making tool with GIS in a landfill site suit-
ability study in Canada, utilizing constraints such as land 
surface temperature, slope, distance to water resources, 
presence of protected areas, airports, and urban zone.

Despite the popularity of GIS and RS data in waste stud-
ies, the literature shows that GIS network analysis is often 
not directly used to site landfills for optimization of popula-
tion coverage (i.e., maximizing the number of population 
centers per landfill) at a regional level. An effective MSW 
collection system should be able to cover the majority of 
population centers within a jurisdiction, as they are the major 
generation points of waste (Erfani et al. 2017; Abdallah et al. 
2019; Yousefloo and Babazadeh 2020). It is believed that the 
absence of properly located landfills within the MSW col-
lection network increases the likelihood of illegal dumpsites 
(Glanville and Chang 2015; Mahmood et al. 2017; Richter 
et al. 2021c). This is particularly important in remote rural 
areas where population centers are less well defined than 
cities and urban centers, and can have significant environ-
mental ramifications. For example, six first nation commu-
nities located in rural Alberta and Saskatchewan, Canada, 
identified illegal disposal sites as a significant threat to their 
drinking water resources (Patrick 2018). Furthermore, the 
absence of landfills in some rural regions of Canada results 
in frequent practices of open burning and accumulation of 
waste piles (Keske et al. 2018). Difficulties and challenges 
associated with MSW management in rural and remote areas 
have been reported in both developed countries (Lakhan 
2015; Wagner and Arnold 2008) and developing countries 
(Han et al. 2018; Smith et al. 2014).

Most published studies focus on waste management 
system optimization within an urban area or a metropolis, 
where waste generation sites are well defined and geographi-
cally precise. However, the design of a full-scale waste man-
agement system containing both urban and rural areas is 
more challenging and is much less addressed in the literature 
(Ghosh and Ng 2021), probably due to the difficulties associ-
ated with identification of population centers and waste gen-
eration sites outside of the city boundary. In this study, iden-
tification of population centers is done by RS nighttime light 
satellite (NTL) data. NTL imagery can effectively detect 
population centers as well as anthropogenic activities that 
are associated with light at night (Zhao et al. 2017; Li et al. 
2018; Zhao et al. 2019). For example, Wang et al. (2018) 
compared the NASA Black Marble NTL imagery before and 
after hurricanes in Puerto Rico, New York City, and north-
eastern New Jersey during 2017 and 2018 to examine how 
communities recovered after the power outage. Their results 
show that NASA Black Marble NTL imagery can be a suit-
able tool to monitor and detect areas where better service 
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and rescue would be needed (Wang et al. 2018). Enenkel 
et al. (2020) also used NASA Black Marble NTL images 
to analyze displacement in populated communities’ shift-
ing over time and to support humanitarian decision-making. 
Similarly, this study takes advantage of NASA Black Marble 
NTL imagery to identify population centers in rural regions.

Study objectives, novelties, and potential 
contributions

The overall goal of this work is to optimize population 
coverage by landfills using network analysis and satellite 
imagery. The specific objectives are to (i) develop a data-
driven analytical framework to optimize population coverage 
by landfills using both NASA Black Marble nighttime light 
satellite imagery and GIS network analysis tools, and (ii) 
evaluate the proposed method against the status quo using 
a set of performance indicators across three Canadian prov-
inces with large rural areas.

Unlike similar studies that improve MSW collection 
solely by identifying the shortest and the most cost-effective 
routes for linking population centers and landfills within a 
given urban center or metropolis (Reed et al. 2014; Hannan 
et al. 2018; Martins et al. 2015), the present study adopts a 
broader approach and improves MSW collection systems 
beyond the city boundary by optimizing both landfill popu-
lation coverage (maximize population centers per landfill) 

and collection truck traveling distances (minimize traveling 
cost). Incorporation of RS data such as NTL imagery in the 
network analysis tool makes it possible to optimize waste 
management systems at regional level consisting multiple 
urban centers and rural regions.

In addition to conventional performance indicators com-
monly adopted in GIS network analysis such as travel time 
and area coverage, an original landfill regionalization index 
(LFRI) is proposed in this study to evaluate the degree of 
regionalization before and after the optimization. Three 
Canadian provinces with a total area of 2.67 ×106 km2 were 
selected in the present work to demonstrate the potential 
benefits of the method at a regional level, and the proposed 
analytical framework is, however, applicable in any large 
rural regions with sparsely located population centers. Civil-
ian-use satellite imagery is freely available globally, making 
the proposed data-driven framework versatile on the imple-
mentation of evidence-based waste management strategies.

Material & methods

A data-driven analytical framework for combining waste 
collection optimization and landfill siting is developed in 
the current study, and the overall workflow is illustrated in 
Fig. 1. sections “Region selection”, “Data processing and 
calculation”, and “Final mapping and assessment” discuss 

Fig. 1   Workflow of current study
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the details and assumptions on region selection, data pro-
cessing and calculation, and final mapping and assessment, 
respectively.

Region selection

Study area

The absence or inaccessibility of municipal landfills in the 
vicinity of population centers is causing serious health and 
environmental issues in the Canadian rural areas (Patrick 
2018; Keske et al. 2018). This is especially important when 
some jurisdictions have started to close landfills and move 
toward landfill regionalization (Ghosh and Ng 2021; Rich-
ter et al. 2021a), making strategical landfill siting an urgent 
necessity. For example, Saskatchewan started to reduce the 
number of rural landfills (SARM 2017), without a compre-
hensive landfill selection and reduction plan.

Three Canadian provinces, namely Ontario (ON), Sas-
katchewan (SK), and British Columbia, (BC) with areas of 
1.08, 0.65, and 0.94 ×106 km2, respectively, were selected 
in this study. Each province has a predominant presence of 
rural regions, especially in the North of 55th parallel. The 
selected provinces located in the Central and West Canada 
(Fig. 2), represent a broad demographical and geographi-
cal area. Only landfills that are located in the built network 
dataset were evaluated in this study because the performance 

indicators (LFRI, travel time, and area coverage) can only 
be interpreted in the presence of a road network. In other 
words, smaller community disposal sites and unregulated 
dump sites are ignored in this study. Details of selected roads 
and landfills will be further discussed in “Data processing 
and calculation” section.

Data processing and calculation

Population centers and NTL imagery

Given the vast size of the study area (2.67 ×106 km2), NASA 
Black Marble NTL satellite imagery is used to identify the 
population centers. The imagery is derived from the Vis-
ible Infrared Imaging Radiometer Suite mounted on Suomi 
National Polar-orbiting Platform with a spatial resolution 
of 500×500 meter (Román et al. 2018). Black Marble NTL 
was originally developed by NASA to enhance cloud-free 
NTL image quality, eliminate stray light effects, and mitigate 
snow reflected lights (NASA 2021b; (Román et al. 2018). 
The most recent annual product, 2016 NASA Black Mar-
ble NTL imagery, is used in the current study. Final NTL 
imagery can be built by mosaicking different tiles represent-
ing different regions of the globe (NASA 2021a).

Once the respective tiles are mosaicked into a single 
image, binary classification with equal intervals is used to 
separate brighter regions in the three provinces. Boundary 

Fig. 2   Study area of three provinces representing central and western regions of Canada, Basemap acquired from ESRI (2021b)
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clean and majority filters were then used to smoothen the 
selected class and eliminate island pixels (ESRI 2021a, b). 
The remaining brighter pixels, representing regions with 
higher anthropogenic activities, were converted to polygons. 
In other words, a single polygon is made from an aggrega-
tion of brighter pixels adjacent to each other. The centroids 
of the polygons, representing the population centers and 
locations with high anthropogenic activities, are identified 
and then used in the GIS network analysis. Karimi et al. 
(2020) used a similar approach to detect the population cent-
ers in a landfill site suitability study around Regina, Sas-
katchewan. A schematic map showing the different steps 
of population center extraction is shown in Fig. 3. The pro-
posed analytical framework on the use of NTL to identify 
population centers enable us to study waste management 
systems outside of major urban centers. Details of land-
fills, road networks, and population centers are included in 
Table 1. Among the different parameters, the provincial area 
linear density is defined as the area occupied by a kilometer 
of the road network. As discussed further in “Result and 
discussion” section, a higher provincial area linear density 
implies lower vehicular accessibility.

Road networks and assumptions

The most recent 2016 Statistics Canada road network dataset 
includes the unique identifier, type, travel direction, rank, 
and class of streets (Statistics Canada 2021), and is adopted 
in the current study. All road types ranging from urban ave-
nues and streets to express highways were included in the 
analysis. However, for simplicity and consistency between 
the three jurisdictions, only two speed limit classes were 
considered for the waste transportation trucks in the road 
networks. A top speed of 80 km/hr is assumed in all types 
of highways, and 50 km/hr is assumed in all urban roads 
(SGI 2021). The details on road surface, gradation, and spe-
cific traffic restrictions on speed limits, turns, intersection 
access, and day/night time zones are neither included in the 
Statistics Canada road network database nor considered in 
the current study. The total length of roads ranging from 
202,670 to 369,070 km (Table 1).

Landfill database and assumptions

Status and location of waste facilities were acquired directly 
from the respective provincial government databases (Gov-
ernment of British Columbia 2021; Government of Ontario 
2021; Government of Saskatchewan 2021). Only landfills 
are considered, and other standalone waste facilities such as 
waste transfer stations, recycling facilities, material recovery 
centers, and incinerators are not considered. As discussed 

earlier, landfills located outside of the road network with no 
normal vehicular accessibility were also eliminated.

The total number of landfills within the road network 
ranged from 314 to 995 (Table 1). Historical records of the 
landfills in 2016 at the three jurisdictions are not available, 
and no changes of landfill location and status are assumed 
in the past 5 years.

Network dataset development and assumptions

In the current study, the network dataset is built from the 
road network shapefile (as discussed in “Road networks 
and assumptions”section) using ArcMap10.5 network 
analyst extension (ESRI 2021c). During network data-
set construction, three types of network elements (edges, 
junctions, and turns) were created. Edges are the linking 
roads, junctions are the connecting points between differ-
ent edges, and turns enable specific kinds of movements 
over two edges (ESRI 2021d). Due to undefined turns in 
the three provinces, global turns are assumed in the current 
study (ESRI 2021e).

Final mapping and assessment

Location allocation

Once the network dataset is built, the “location-allocation” 
tool in GIS Network Analyst is used to maximize popula-
tion coverage surrounding neighboring landfills (Fig. 1). GIS 
Network Analyst is commonly adopted in location-allocation 
waste studies (Vu et al. 2018). Population centers and landfills 
in the three provinces are assigned as “demand points” and 
“facilities,” respectively. Waste collection trucks are required 
to transport waste from population centers to landfills within a 
specific time duration. For this purpose, typical hauling costs 
versus travel times are calculated and the point where direct 
hauling is no longer economically justified is estimated. The 
breakeven point is schematically shown in Fig. 4 (EPA 2016). 
Details and assumptions for breakeven calculations are shown 
in Supplementary Table S1 and Table S2, respectively. In this 
study, the average separation distances between the generation 
sites and the disposal sites are used to estimate the maximum 
travel times. These estimated times (33.6 minutes in SC1 and 
77.4 minutes in SC2) are used as impedance cutoffs for GIS 
location-allocation analysis.

Performance indicators: LFRI, travel time, and area 
coverage

Regarding location-allocation optimization, a suitable 
solution can be attained once a higher number of popu-
lation centers are served by a lower number of landfills. 
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Therefore, a performance indicator known as landfill 
regionalization index (LFRI) is proposed (Eq. 1). This 
index depicts how many population centers are served 
by the landfills, and the average LFRI is reported for 
each jurisdiction. The subscript s refers to the status quo 

condition, and the subscript p refers to the optimized 
solution determined by the proposed method. A larger 
LFRI generally means better utilization of landfills 
within a jurisdiction; therefore, the more regionalized 
or strategically located the facilities.

Fig. 3   Extraction of population centers from NASA Black Marble 
satellite imagery including a) aggregation of two NASA Black Mar-
ble NTL imageries in 2016, b) extraction of clipped, mosaicked, 

and postprocessed NTL imagery and polygons in Canada, c) conver-
sion of NTL imagery to population centers in the three provinces. 
Basemap acquired from ESRI (2021c)
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The waste collection time is another common performance 
indicator for an effective waste management system (Akhtar 
et al. 2017; Hannan et al. 2018; Vu et al. 2018) and is adopted 
in the present study. Travel times from population centers to 
landfills are computed for both status quo and the optimized 
conditions using attribute tables for all collection routes in Arc-
GIS10.5. Travel time is calculated assuming free-flowing traffic 
and idealized driving conditions, using the two assigned speed 
classes discussed in “Road networks and assumptions”section.

Accessibility of waste facilities appears to be an impor-
tant issue in regionalization of Canadian waste management 
system (Ghosh and Ng 2021; Karimi et al. 2022b). A larger 
area coverage of a landfill helps reduce illegal disposal 
sites by providing accessibility to neighboring populations 

(1)

LFRIs or p =
Number of population centers covereds or p

Number of landfillss or p

(Patrick 2018; Keske et al. 2018; Quesada-Ruiz et al. 2019; 
Karimi et al. 2022a). In this regard, area coverage for land-
fills is estimated using the “service area” tool in GIS Net-
work Analyst. As discussed in “Location allocation” section, 
33.6 and 77.4 minutes are used as impedance cutoffs for SC1 
and SC2, respectively.

Comparison of proposed method and status quo 
by aggregating all indicators

Once all three indicators (LFRI, travel time, and area cover-
age) were computed for both SC1 and SC2, a user-defined 
parameter percentage of improvement (POI) is calculated 
comparing status quo and proposed solution (Eq. 2).

For travel time, the respective POI is calculated by 
switching “Status quo” and “Proposed method” in Eq. 2, 
since the shorter travel time represents an improvement in 
the proposed method. Overall improvement was then calcu-
lated by averaging the POI in the three indicators as shown 
in Eq. 3. Caution should be used when interpreting overall 
POI shown in Eq. 3. Since the three dimensionless ratios 
measure different spatiotemporal parameters, the combined 
ratios should be interpreted qualitatively and not quantita-
tively. The overall POI is intended for comparison between 
the status quo and optimized solution only.

Results and discussion

The three performance indicators

The LFRI for both scenarios are shown in Fig. 5a. The 
central bar of the box plot and the cross symbol represent 

(2)
POI =

Average result from proposed method − Average results from status quo

Average result from proposed method
× 100%

(3)

Overall POI =
1

3

(

POILFRI + POItravel time + POIarea coverage

)

Table 1   General specification 
of the three Canadian provinces 
in 2016

British Colum-
bia (BC)

Saskatchewan (SK) Ontario (ON)

Total area (km2) 944,740 651,040 1,076,400
Number of detected population centers within 

the road network
355 314 995

Number of landfills within the road network 482 118 191
Total length of roads (km) 202,670 369,070 317,306
Landfill linear density (×10-4 km-1) 23.78 3.19 6.02
Landfill per capita (×10-5) 9.3 10 1.29
Provincial area linear density (km2/ km) 5.28 1.76 2.96

Fig. 4   Haul costs lines in the absence or presence of depot loca-
tions, transfer stations, and their intersection as “breakeven” point. 
Assumed values and calculations are shown in Tables S1 and S2.
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the median and mean, respectively. The bottom and top 
edges of the box represent the first and third quantile (25th 
and 75th percentile) of each group. Whiskers represent the 
maximum and minimum values. The LFRI are heavily 
skewed, and both the medians and the first quantiles are 
equal to zero under status quo conditions in all cases (blue 
boxes, Fig. 5a). Therefore, a quarter of landfills considered 
in the present study do not even cover a single population 
center in both SC1 and SC2, suggesting ineffective landfill 
siting. Under status quo conditions, the LFRI ranges from 
0 to 2 population centers per landfill in all three jurisdic-
tions, with an average of less than 1. Unlike others, the 
average status quo LFRI in Saskatchewan under SC2 is 
close to 1 population center per landfill and is higher than 
almost 75% of landfills within that group. The results show 
that Saskatchewan landfills are located slightly better com-
pared to other provinces. The skewed LFRI in SC2-SK is 

probably due to the close proximity between landfills and 
population centers. For example, several Saskatchewan 
landfills covered up to 5 population centers in SC2.

The red boxes in Fig. 5a show the optimized LFRI using 
the proposed method. The absence of lower whiskers in the 
boxplots indicate that both lowest and the first quantile are 
located at 1 population center per landfill. In other words, 
at least a quarter of landfills cover 1 population center in all 
cases. A higher variability is observed in SC1-SK. Specifi-
cally, the upper 25% of landfills in Saskatchewan under SC1 
cover around 3 to 5 population centers after optimization, 
suggesting better landfill regionalization.

Red boxes are all above blue boxes in Fig. 5a, and LFRI 
improved consistently after optimization, with average 
LFRI ranging from 1.3 to 2.0 population centers per land-
fill. As discussed in “Performance indicators: LFRI, travel 
time, and area coverage”section, a larger LFRI represents 

Fig. 5   Comparing status quo 
and proposed method with 
regard to a) LFRI, b) travel 
time, c) area coverage for both 
SC1 and SC2

a) LFRI

b) Travel time

c) Area coverage
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better utilization of landfills, and a higher degree of landfill 
regionalization. The results in Fig. 5a suggest that the status 
quo conditions in the three provinces are all subpar, and 
the proposed analytical method can enhance landfill region-
alization. The level of LFRI improvement in all provinces 
are similar, suggesting landfill regionalization might not 
be significantly affected by differences in geographical and 
demographical attributes (Table 1). Moreover, the spreads 
of LFRI are similar between SC1 and SC2 in a given juris-
diction, suggesting that the size of collection trucks is not a 
decisive factor in optimizing the population coverage. For 
example, the spread of LFRIs in British Columbia between 
SC1 and SC2 are almost identical, despite the differences 
in separation distances between waste generation and dis-
posal sites. This is probably due to the abundance of land-
fills within the road network in BC (landfill linear density = 
23.78 ×10-4 km-1, Table 1).

Travel time from population centers to landfills is shown 
in Fig. 5b. Unlike the LFRI where all landfills are included 
(including landfills with zero coverage), travel time is only 
defined for landfills that are linked to a specific population 
center. Thus, higher consistencies are observed on average 
travel time between status quo (blue cross symbols) and the 
proposed method (red cross symbols). In general, the aver-
age truck travel time associated with the optimized system 
is similar or lower than the status quo condition. The most 
noticeable improvement is observed in SC2-SK, with an 
average travel time below 20 minutes after optimization. As 
shown in Table 1, Saskatchewan has the smallest landfill 
linear density (3.19×10-4 km-1) and the highest number of 
landfills per capita (10.0 ×10-5) among the three jurisdic-
tions, suggesting sparsely distributed low-density popula-
tion centers within the road network. It appears that rural 
regions with sparsely located towns in Saskatchewan are a 
good candidate for optimization. Lower population density 
and the absence of multiple urban areas are reported as pos-
sible reasons for lower COVID-19 cases in Saskatchewan 
compared to other Canadian provinces in a study on waste 
disposal during the pandemic (Richter et al. 2021d).

On the other hand, relatively larger travel time differences 
are generally observed between the two scenarios. British 
Columbia has the least difference between SC1 and SC2 
among the three provinces (Fig. 5b). The average travel 
time under SC1 is about 10 minutes and is increased to 13.4 
minutes under SC2. British Columbia has the highest land-
fill linear density of 23.78 ×10-4 km-1 among the provinces 
(Table 1), indicating the abundance of landfills’ presence 
within the road network. As such, the average travel time is 
much less sensitive to the differences in generation-site–dis-
posal-site separation distance between the two scenarios.

An obvious twofold increase in average travel times can 
be seen between the scenarios in Ontario (Fig. 5b). With the 
least landfill per capita (1.29 ×10-5, Table 1), the travel time 

is very sensitive to the differences in generation-site–dis-
posal-site separation distance. Lakhan (2015) studied recy-
cling cost between urban and rural Ontario and also con-
cluded that the recycling system in rural areas is more costly 
and far less efficient.

Figure 5c shows the differences in area coverage by 
landfill. Under both scenarios in all three jurisdictions, the 
optimized systems with strategically located landfills pro-
vided better coverage. Landfills with larger coverage of the 
populated centers are more efficient due to the economy of 
scale and provide better accessibility to users, helping to 
minimize potential illegal dumping sites. British Columbia 
has the least differences between the scenario, and Saskatch-
ewan has the highest difference. Unlike other cases, over 
4,000 km2 average coverage per landfill is observed in SC2-
SK (Fig. 5c). This is probably due to the sparsely located 
population centers and the well-established road network 
(provincial area linear density = 1.76 km2/km, Table 1). It 
appears that intensified road network enables larger landfill 
coverage area. A comparison of the scales of the vertical 
axes in Fig. 5a, b, and c reveals that the area coverage is 
more sensitive to the differences in geographical and demo-
graphical attributes (Table 1). Results in Fig. 5c suggested 
that Saskatchewan landfills are generally more strategically 
located compared to other jurisdictions.

The percentage of improvement after optimization

It appears the proposed analytical method is effective in 
improving landfill regionalization. Under SC1, the larg-
est POIs can be seen in the LFRI (Table 2a), ranging from 
58.3% to 64.5%. A similar pattern is observed in SC2, with 
POIs of LFRI ranging from 22.7% to 59.4% (Table 2b). The 
results suggest that the optimization framework can enhance 
the level of landfill regionalization, making these waste 
facilities more efficient.

Compared to LFRI and area coverage, POI of travel 
time appears less sensitive to the optimization. Under SC1, 
POIs range from -4.8% in Saskatchewan to +8.4% in Brit-
ish Columbia (Table 2a). A negative POI in Saskatchewan 
means longer travel time after optimization (also shown in 
Fig. 5b), suggesting a high level of landfill regionalization 
at status quo (Fig. 5a). Saskatchewan is the only province 
showing conflicting travel times, with slightly worse travel 
time in SC1 (-4.8%) to significant improvement in SC2 
(+49.3%). A closer look at Table 2 suggests Saskatchewan 
behaves slightly differently than its peers. Heterogeneous 
population distribution pattern and intensified road net-
work might be the reasons for such volatility in truck travel 
times (Table 1).

POI of area coverage ranged from 18.1% in Saskatch-
ewan to 51.5% in Ontario under SC1 (Table 2a). Similar 
trend is observed in Table 2b under SC2. Again, lowest 
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POIs are observed in Saskatchewan, probably due to the 
presence of a well-established road network. Figure 5c 
reveals that Saskatchewan landfills have better coverage 
of population centers in status quo condition, making the 
optimization process less effective.

Overall POIs are arithmetic averages of the POIs, and 
the results should be interpreted qualitatively. Under SC1, 
the optimization yields very similar results in Ontario and 
British Columbia. The order is ON > BC > SK (Table 2a). 
Under SC2, the order is BC > ON > SK. In both cases, 
the levels of improvement in ON and BC are quite sim-
ilar. Minor differences in the overall POI between SC1 
(Table 2a) and SC2 (Table 2b) suggest that the separation 
distance between the generation and disposal sites is gen-
erally not a decisive factor in the optimization. The overall 
POIs for all provinces are all positive, suggesting that the 
proposed optimization framework is generally applicable 
to regions with different geographical and demographical 
attributes. Results suggested that the proposed LFRI is a 
sensitive performance indicator, and it may be consider in 
other waste management studies.

Limitations

In this study, population centers at regional level are iden-
tified by NTL images with a spatial resolution of 0.5 × 
0.5 km, and imageries with higher aerial resolution (0.1 × 
0.1 km of finer) can be used to improve result precision. 
Road surface attributes, gradation, and detailed traffic 
restrictions (such as abrupt changes of speed limits, day 
and night traffic zones) are not addressed in the current 
study. The type and operating costs of the collection and 
trailing trucks as well as the transfer stations are assumed 
constant in all provinces. MSW regulations and level of 
service are also assumed to be constant in three provinces 
for comparison purposes.

Conclusions

This study combined GIS network analysis and NTL 
imagery to develop an analytical framework for optimiza-
tion of landfill regionalization. Unlike other waste collection 

studies focus on the minimization of travel time and distance 
at city-level, the current study optimizes waste management 
system at regional level. The use of NTL allows identifi-
cation of population centers in rural settings, specifically 
addressing the difficulties associated with waste manage-
ment system development in Canadian northern and remote 
areas. An original performance indicator known as LFRI is 
used to evaluate the optimization.

Under status quo conditions, LFRI ranged from 0 to 2 
population centers per landfill in all three jurisdictions, with 
an average of less than 1. Unlike others, Saskatchewan land-
fills are slightly better located compared to its counterparts. 
LFRI consistently improved after optimization, with average 
LFRI ranging from 1.3 to 2.0 population centers per landfill. 
Optimized landfills allow more efficient use of the sites and 
a higher degree of landfill regionalization.

Lower average truck travel times are generally observed 
in the optimized system. The travel time appears less sen-
sitive to the differences in generation-site–disposal-site 
separation distance and truck capacity when landfills are 
abundant within a road network. In all cases, the optimized 
system provided better coverage. Landfills with larger cov-
erage of the populated centers are more efficient due to 
economies of scale and provide better accessibility to users, 
thereby helping to minimize potential illegal dumping sites. 
It appears area coverage is more sensitive to the differences 
in geographical and demographical attributes, and intensi-
fied road network enables larger coverage area of population 
centers.

The proposed analytical method is effective in improving 
landfill regionalization. Under Scenario 1, POIs of LFRI 
ranging from 58.3% to 64.5%. A similar pattern is observed 
in SC2, with POIs of LFRI ranging from 22.7% to 59.4%. 
With the exception of SC1-SK, improvements on all perfor-
mance indicators are observed. The levels of improvement 
in Ontario and British Columbia are quite similar. Minor 
differences of the overall POI between the scenarios sug-
gest that the separation distance between the generation and 
disposal sites and truck capacity is generally not a decisive 
factor of the optimization. The overall POIs are positive in 
all jurisdictions, suggesting that the proposed optimization 
framework is applicable to regions with different geographi-
cal and demographical attributes. It is believed that the pro-
posed framework and performance indicator will help to 

Table 2   Individual and overall 
POIs in the three Canadian 
provinces under (a) Scenario 1 
and (b) Scenario 2

(a) SC1 (b) SC2

BC ON SK BC ON SK

LFRI 61.8 64.5 58.3 LFRI 59.4 55.6 22.7
Travel time 8.4 3.6 -4.8 Travel time 4.0 1.3 49.3
Area coverage 47.2 51.5 18.1 Area coverage 53.0 53.9 10.3
Overall 39.1 39.8 23.9 Overall 38.8 36.9 27.4
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establish a more data-driven MSW management system at 
regional scale.

Acronyms  BC: British Columbia; GIS: Geographical Information Sys-
tem; LFRI: landfill regionalization index; MSW: Municipal solid waste; 
NTL: nighttime light; ON: Ontario; POI: Percentage of improvement; 
RS: Remote Sensing; SC1: Scenario 1; SC2: Scenario 2; SK: Saskatch-
ewan; VRP: vehicle routing problem
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