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Abstract: The amount of municipal solid waste (MSW) has been
increasing steadily over the last decade by reason of population
growth and waste generation rate. The management of municipal
solid waste collection and transportation is a challenge. Efforts
should be made to provide these systems with the best methods to
improve their overall efficiency, thus to reduce fuel consumption,
pollutant emissions and costs. In this paper, a model for
optimizing municipal solid waste collection and also pollutant
emissions will be proposed. Firstly, the optimization plan is
developed in a static context, and then it is integrated into a
dynamic context using multi-agent based modelling and
simulation. A case study related to Hagiang City, Vietnam, is
presented to show the efficiency of the proposed model. From the
optimized results, it has been found that the cost of MSW
collection and the pollutant emissions (COz, CO, NOx, PM, HC)
are respectively reduced by 15.8 % and 16 %.

Keywords: Municipal solid waste management, Route
optimization, Environmental modelling, Dynamic modelling,
Agent-based model Equation-based model, Vehicle routing
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I.  INTRODUCTION

Waste management is a particularly sensitive subject,
since it affects the everyday life of the population.
Nevertheless, efforts should be made to provide these
systems with the best methods to improve their overall
efficiency, thus by reducing fuel consumption, pollutant
emissions and costs. These procedures imply the existence of
considerably high fuel consumption and pollutant emissions,
since the activities involved are performed by heavy road
vehicles. Thus, significant benefits can be derived from the
optimization of MSW collection and transportation routes as
well. Recently, many models have been proposed in order to
optimize the collection and transportation on the whole
garbage truck network, however some of them are multi-
objective. For instance, Anghinolfi et al. [1] presented a
study related to the dynamic optimization of materials
collection and recycling management. The objective of this
work is: (i) to minimize the sum of vehicles costs (travelling
and fixed costs); (ii) to minimize costs due to the waste
volume variation over time in each cell, for example the
quantity of waste remaining in the cells at the end of the
planning period; and (iii) to maximize the revenue for
collected waste.
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According to the authors, the remaining waste in cells can
be considered as a cost because, if the waste is collected, it
could be sold and become a benefit. The authors proposed a
multi-objective framework by a MILP model in which both
commensurable costs and incommensurable objectives can
be considered.

Chalkias et al. [2] also based on a GIS analysis tool
(ArcGIS) to propose a methodology for the optimization of
the waste collection and transport (WC&T) system. The
objective of this work is to improve the efficiency of WC&T
in the Municipality of Nikea (MoN), Athens, Greece via the
reallocation of waste collection bins and the optimization of
vehicle routing in terms of distance and time travelled and
CO2 emissions. This work contains 3 main steps: (i) Spatial
database collection of the study area; (ii) Reallocation of
waste collection bins with the use of GIS spatial analysis
functions; (iii) Waste collection routing optimization for
minimum time, distance, fuel consumption and gas
emissions.

The objectives of these proposed approaches are usually
considered in a static state, i.e. minimizing the travelling
cost, but not considering on the traffic flow; minimizing the
quantity of the remaining waste but skipping the increase of
waste in time; or optimizing the CO2 emission of vehicles
but ignoring the pollution caused by the waste and so on. The
dynamic and temporal issues; i.e. the traffic flow, the
generation of waste; also have an important role in the
optimization of the waste collection and transportation [3].

There have been many models and tools proposed to deal
with this problem, many of them are agent-based models [4]
in which, intelligent agent and multi-agent system seem to be
suitable for dynamic processes like transportation network,
CO2 emissions, waste generation at a micro level. Each
traffic participant can be modelled as an intelligent agent. It
can observe others and obstacles to change its own speed as
well as direction to go to its destination as fast as possible.
Therefore, the travel distance and also the CO2 emission can
be influenced.

For instance, [4] presented a model to deal with the
complexity of the field. The authors based on the integration
of GIS data and Multi-Agent Simulation to create an
intelligent decision supporting the system. JAVA/SWARM
(a Multi-agent modelling and simulation platform and
ArcView GIS software) is used to build the system. The
garbage truck, the most important one, is modelled as an
agent that has four important characteristics and behaviors:
limited waste capacity, limited time on the field, collection of
waste bins, and assigned paths.
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In the work[5], a decision supporting the system for
municipal waste collection is proposed in order to find an
optimized travel plan for waste collection. The system is
based on the integration of three components: information
system map, smart devices and agent-based model. Firstly,
the authors applied K-Mean and Ant Colony Optimization
algorithm to find the optimal route for vehicles. Secondly,
the optimal route is simulated with a multi-agent system, that
is GAMA [6] platform, in order to observe an impact of
traffic network on the travel distance.

In general, the combination of GIS and Multi-agent
modelling and simulation complements and enriches the
optimized solution of the MSW collection and transportation
in urban areas. It allows us to not only capture the situation
of waste collection, but also to test in different scenarios of
waste management, including the routing, the position of
landfills and so on [7].

Generally, existing works in the literature just propose
solutions in a static context (the fixed traffic flow, and CO2
emissions) or just focus on a specific objective. This paper
addresses a multi-objective optimization in which, the cost
(via a travel distance and time) and air emissions will be
taken into account. Firstly, an optimized plan is developed in
a static context, then it is integrated in to a dynamic context
using multi-agent based modelling and simulation.

Il. MULTI-OBJECTIVE OPTIMIZATION MODEL

In general, the collection and transportation of municipal
solid waste (MSW) can be divided into 2 steps, as show in
Fig. 1. Firstly, the MSW, generated by different sources (S)
(households, markets, offices and so on) is collected and
conveyed to the nearest collection centre (Ci). Each centre is
composed of a number of bins which have the same capacity
(in m®. Then, vehicles that start from depot (D) move
through collection centres as per scheduled route, collect
MSW and finish at the landfill (L).

We are interested in the latter part of the process when
municipal solid waste is collected by the trucks to the depot.
Because, as proposed by [3], in contemporary MSW
management systems, the total management cost is mainly
used for waste collection and transportation, namely, 80-90%
in low-income countries, and 50-80% in middle-income
countries.

In fact, the problem relates to the Heterogeneous
Capacitated Vehicle Routing Problem (HCVRP) that is a
generalization of CVRP to the setting of multiple vehicles
having no-uniform capacity.

In this paper, we assume these following statements:

e The landfill is also the depot.

e The distance between any two nodes is well-defined.

e The demand of each waste collection centre is

known

A. The Optimization Model

The problem of the MSW collection and transportation
can be considered as a conventional vehicle routing problem
in which the shortest path used by the vehicle from the waste
sources to disposal sites will be found [8], [9], [3], [10], [11],
[12]. However, it has some properties that are different from
the conventional one: (i) the vehicles that are used to collect
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the waste have a limited capacity; and (ii) the quantity of
waste at each collection point is unpredictable [13].

LetG = (V,A) be the directed graph that indicates the
route of a vehicle, where V is a set of collection centres, i.e.
V = {v,, v, ,v,) and A is a set of arcs representing path
connecting vertices, i.e. A ={(v;,v;) lv;,v; €V;i#jl

Let v, be the depot (also the landfill). V' =V \ {v,} is the
subset of I/ that includes n collection centres. Let S be a
subset of I' containing all routes that satisfy all constraints
of our objectives. Let C be the matrix of non-negative travel
costs, where ¢;; denotes the cost of travel from v, to v,. Let
m be the number of vehicles available. Each vehicle has a
different capacity of g. All vehicles stop at the landfill.

We define some relevant variables as follows:

o Let A(S)={(vi,v;) EV llv;€S,v;,€S] be the

set of edges joining all pairs of collection centers in
S.

e Letx;; be the number of times that edge (v;, v;) is

traveled. X is a matrix of x;; , X = [x;; ] iji=on

e Let a positive d; be the weight of solid waste in

collection centre i, i=1, ..., n.
Market Household Office
Step 1
. 4 4
C1 - c2 > C3
Step 2
\J
D - L

Figure 1. Architecture of the MSW Collection and
Transportation

Our objective function based on the transportation cost,
which is given by

n n
mlnE Z Ci'jxilj, (1)

i=0 7=0.i#]j

B. The Algorithm

We applied meta-heuristic algorithm [14] in order to find
the optimized route, which is based on ruin-and-recreate
principle. It is a large neighborhood search that combines
elements of simulated annealing and threshold-accepting
algorithms. Essentially, it works as follows: starting with an
initial solution, it disintegrates parts of the solution leading to
(i) a set of jobs that are not served by a vehicle any more and
to (ii) a partial solution containing all other jobs. Thus, this
step is called ruin step. Based on the partial solution (ii) all
jobs from (i) are re-integrated again, which is therefore
referred to as recreation yielding to a new solution. If the
new solution has a certain quality, it is accepted as the new
best solution, whereupon a new ruin-and-recreate iteration
starts.
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These steps are repeated over and over again until a
certain termination criterion is met (e.g. computation time,
iterations, etc.).

C. Method to Estimate Pollutant Emissions And Fuel

Consumption

In this paper, we apply the COPERT method [15] that is
a computer program that calculates road vehicle emissions.
COPERT also includes a framework for estimating fuel
consumption.  Besides considering  specific  vehicle
parameters, COPERT also takes into account different
driving conditions such as types of the driving situation,
vehicle load and road gradient. In the present study, the
authors used the data available in COPERT for the category
of diesel heavy duty vehicles.

We are interested in five pollutants: NOx, PM, CO, HC
and CO2. The total exhaust emissions of NOx, PM, CO, HC
are calculated as the sum of hot emissions (when the engine
is at its normal operating temperature) and emissions during
transient thermal engine operation (termed “cold-start”
emissions).

Erorar=Enor +EcoLp 2)

where,

e  Erora: total emissions (g) of any pollutant for the

spatial and temporal resolution of the application,

e Enor: emissions (g) during stabilized (hot) engine

operation,

e Ecoip: emissions (g) during transient thermal engine

operation (cold start).

According to the method, for the diesel heavy duty
vehicle we do not need to calculate the emission during
transient thermal engine operation EcoLp. Therefore, in our
study, the total emission is equal to Enor that depends upon a
variety of factors, including the distance that each vehicle
travels, its speed (or road type), its age, its engine size and its
weight. This emission is calculated by the means of
following formula:

Enorixr = Nk * Mir + enorikr 3)

where,

e Enorikr: hot exhaust emissions of the pollutant i[g],
produced in the period concerned by vehicles of
technology k driven on roads of type r,

e  Ni: number of vehicles [veh] of technology k in
operation in the period concerned,

o Mg mileage per vehicle [km/veh] driven on roads of
type r by vehicles of technology k,

e enorikr: €mission factor (EF) in [g/km] for pollutant
i, relevant for the vehicle technology k, operated on
roads of type r.

Besides, corrections need to be made in the case of
uphill/downhill driving and waste loading. In our work, the
studied site is urban, thus the corrections related to the slope
can be ignored. Therefore, EF of CO in the case no-load are
calculated as Formula 3, and Formula 4 while loading.
Regarding to NOy, HC, PM, in two cases, EFs are calculated
by the same Formula 5, 6, but with different coefficients.

EFco =a - b*exp(-c*™) )

EFco=a + b/(1 + exp(-c + d*In(V)+ (¢*V))) )
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EFvnoxnc = a*bv*re (6)
EFrm=a*V3 +b*V2 +c*V+d )
where,

e V:speed of vehicles,

e a,b, cd, e: coefficients of the functions provided by
COPERT.

The mass of CO, emitted can be calculated as:

Ecoz=3.137*FC )

where,

e FC: the fuel consumption of vehicles for the
considered time period, which is calculated by
Formula 5 in the case of non-loaded, and by (6)
while loaded (with different coefficients). The
correction for the vehicle load is also realized by
different coefficients.

D. The Agent-Based Model

In fact, after applying the previous algorithm, we can
obtain the total distance that each vehicle will travel. But,
this value is calculated in a static context. Therefore, we
develop an agent-based model (ABM) to situate the
optimized plan in a dynamic context. This ABM models the
dynamic of the traffic network which has an impact on the
total distance of the vehicles. In the ABM, we model five
types of agent: Road agent, Garbage agent, Transport agent,
Garbage truck agent, and Depot agent, as shown in Fig. 2:

1) Road agent: This agent represents the real road. The
real data is derived from GIS files. So this kind of agent has
all geometry attributes: position, length, etc. Each agent
represents a short segment of the road. This kind of agent
has no behavior.

2) Transport agent: A transport could be a truck, a bus,
a car (including taxi), a motor. It has some attributes,
behaviors and ability to move. The transport has an
important impact on the effectiveness of the MSW
collection and transportation. So we need to model it as an
agent in our system. We consider the whole driver and his
transport as an unique transport agent. The behavior and
attributes of this agent are adapted from our previous work,
presented in [16].

Transport agent
-name
-length
-max speed
-current speed
-max technical speed
-safe front distance
-safe beside distance
-accelerate factor
-deccelerate factor
-plans
+find__path()
+observation() * .0
+stop()
+accelerate_speed()
+deccelerate_speed()

Road agent
-max allow speed
-number of lanes
1

Garbage agent
-accelerate ratio
-position
-volume
+accelerate_amount()

v

*

-

Garbage truck agent 1

-full capacity Depot agent
-current capacity - -position

-garbagelL.ist | ———-number of garbage truck
-eTotalList -collection times
-fuelConsumption +start_collection_trip
+receive_instruction()
+collect()

+unload()

-

Figure 1 Modelling of Agents
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3) Garbage agent: The garbage agent represents
collection centres that are generated from GIS data. This
agent has a special behavior that represents the increase of
the waste amount in time. If it is not in the collection time,
the amount of waste will be increased accordingly to its
ratio.

4) Garbage truck agent: The garbage truck agent repre
sents vehicles that transfer the garbage from the collection
centres to the landfill. This agent is basically the same as
transport agents on the attributes and the movement
behaviors. Besides, it has some special attributes dedicated
to a garbage truck:
full capacity: an attribute represents the maximum
amount of garbage that it can store.
current capacity: an attribute represents the amount
of garbage that it can store, at the current moment.
garbage list: a list of collection centres that the agent
must visit during a trip.
eTotalList: a list of total emissions of
NOx,PM,CO,HC and CO2 that is accumulated after
each movement. These emissions are calculated by
(2) to (6) that depend on the current speed and the
status of vehicle load at each step.
fuelConsumption: the fuel consumption of vehicles
that is determined by (5) (non-loaded) and (6) (when
loaded).

The garbage truck agent has two main behaviors:
collection and cleaning: when arriving at the
collection centres, it collects and cleans the garbage.
If it is full of waste, it will return to the landfill for
unloading.

unloading: when the garbage truck agent is full of
waste, it will return to the landfill and unload the
waste. Then if there are still collection centres for
collection, it will go to the next centre as in the plan;
if not, it will return to the depot.

The behaviors, related the movement of this agent, are
inherited from the behaviors of the transport agent. These
behaviors make our model dynamic and different from the
others.

5) Depot agent: This agent manages a set of garbage
and garbage truck agents. At the beginning of a collection
trip, it will initiate the plan for each garbage truck agent.
This agent has the following attributes:
position: the position where it is situated.
number of garbage trucks: the number of available
garbage trucks.
collection times: the times that the garbage truck
starts to collect.

This agent has a behavior:

control garbage truck agents: at the beginning of a
collection period, it initiates the plan for each
garbage trucks agent, and demands them to collect
the garbage following the plan.
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Figure 3. GIS map of the collection centres and the depot

of Hagiang.
6) Simulation platform: Our simulation of the MSW
collection and transportation is implemented in the

simulation platform GAMA [6]. GAMA is integrated and
generic tools to support the representation of features
usually associated to real complex systems, namely rich,
dynamic and realistic environments or multiple levels of
agency. It allows modelers, thanks to the use of a high- level
modeling language, to build, couple and reuse complex
models combining various agent architectures, environment
representations and levels of abstraction.

I11. CASESTUDY

Hagiang is a mountainous province, which is located at
the northernmost border of Vietnam, with an important
position. Hagiang have one city, 10 districts, 05 wards, 13
towns and 177 communes. Hagiang has 33 collection centres
as shown in Fig. 3 (the smaller map inside describes the
locations of overall investigated region; the bigger map is a
zoomed view of a smaller part; the yellow circles denote the
collection centres, while the bigger blue circle indicates the
location of depot). Its depot and landfill is the same one. The
waste generation rate of Hagiang is 181.4 tones or 365.4 m3
for each day.Hagiang has two vehicles (35m?® and 50m?) that
are responsible for the collection and transportation at two
regions. Each vehicle collects twice a day (in the morning
and in the afternoon).

In the morning the plan of vehicle 1is0 - 31 - 26 » 27
->23>21->20->32->18->19-> 16 > 15->24 > 27
- 33> 23-0,whileitis0>28>29->22->5->1->3
>4-52->56>7>8->9->13->23>30~>12~>11~>
10 » 5 > 1 -» 23 - 0 for the vehicle 2.

In the afternoon, the plan for vehicle 1is 0 - 26 - 27 »
33 23 224 514 »15 »>16 »17 - 18 »19 » 20
>21 »25->0,and0 »>28 »22 >5->4->3->1->2
>6->7->8->9->13->12->11- 10 - 23 - 0 for the
vehicle 2.

In this case study, we apply the proposed method in order
to compare the obtained result with the real one.

After applying the proposed algorithm, in the morning,
the optimized plan of the vehicle 1is0 > 24 -» 15 - 16 —
18>17->19->20>32->21>4->3->10->28-0;
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and in the afternoon itis0 >4 »>21 > 20> 19 > 17 -
18 - 16— 15 - 14 - 24 - 0. While in the morning, the
plan of the vehicle2is0 > 30> 12>11>9->8->7->6
->2-51->5-533->31->27>26->29->22->13->23
- 0; and in the afternoon its planis0 > 13 >9 >7 » 8
»6-22->1->3->5->22->10->12->11->23 > 28
- 33 = 25 > 27 - 26 = 0. These plans are then used as the
input for the agent-based model in order to calculate the
travel distance, travel time, collection time and pollutant
emissions in a dynamic context.

The comparison of the obtained results for the real plan
and the optimized plans of each model are presented in Tab. I
and Fig. 4. In Fig. 4, the left columns indicate the results on
current plan, while the right columns indicate the results after
being optimized.

Substantial differences can be observed in the obtained
values, from both the optimization of routes for distance,
pollutant emissions and fuel consumption, when compared to
the ones estimated for the actual plan.

From the optimized results, it has been found that the cost
of MSW collection and the pollutant emissions (CO2, CO,
NOx, PM, HC) are reduced by 158 % and 16 %,
respectively.

IV. CONCLUSION

This paper proposes a model to optimize the collection
and transportation of municipal solid waste, in term of cost
and pollutant emissions (NOx,PM,CO,HC and COy). In fact,

the collection and transportation of MSW relates to the
vehicle routing problem. In our work, we apply the meta-
heuristic algorithm to find the optimal solution.

400 —
350
300
250
200

150

100

I TI T o | B

Nox (g/day) PM (dg/day) CO(g/day) HC(g/day) FC(l/day) CO2 (kg/day)

DReal plan ¥ Optimized plan

Time
(min/day)

Distance

(km/day)

Figure 2 Comparison the Results for the Real and
Optimized Plan.

TABLE I. Comparison of the Travel Distance and Time,
Fuel Consumption, and Pollutant Emissions Amounts
for the Real and the Optimized Plan.

Real plan Optimized
plan
Travel distance (km/day) 126 106
Travel time (min/day) 195 163
Fuel consumption (I/day) 11.4 9.6
NOx (g/day) 395 332.3
PM (g/day) 7 5.9
CO (g/day) 63.5 53.5
HC (g/day) 19.4 16.3
CO; (kg/day) 35.7 30
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We applied the proposed method in the case study of
Hagiang, Vietnam. The experiment results show that the
optimized solution is better than the current plan. From the
optimized results, it has been found that the cost of MSW
collection and the pollutant emissions (CO, CO, NOy PM,
HC) are reduced correspondingly by 15.8 % and 16 %.

Future developments regard the limitation of time for
each collection (Time Window), Vehicle Routing Problem
with Time Windows can help us to resolve the problem.
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