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ABSTRACT 

This work introduces a methodology to improve the collection and transportation system for 

glass waste in use by Amarsul, S.A., nearby Lisbon. Nonetheless, the method can be applied to other 

similar systems like paper and cardboard or plastics. 

The present collection frequencies of glass waste were found to be inadequate, according to 

the historical data on the fill-up rates of the containers and the performed statistical analysis. 

Therefore, a new collection system was analytically built up, containing new distributions of the 

existing green-points, according to their own and unique fill-up rates. 

The routes comprising the new system were optimized for time and for distance, making 

recourse to the ESRI Arcgis® 9.3 Geographical Information Systems software, and values were 

estimated for travel time, total time, distance, pollutant emissions (CO, CO2, VOC, NOx and PM), 

taking into account the influence of dynamic load, and for the fuel consumption and costs. 

The estimated values for the new system showed that their benefits are quite substantial when 

compared to the presently existing system at Amarsul. The optimization for time, in particular, resulted 

in weekly average savings of 57% of the total cost, which correspond to over €11000 per year; the 

emissions were reduced in up to 50%, for some pollutants; and total time decreased approximately 

62%. 

The influence of the collection sequence of the containers on the pollutant emissions and fuel 

consumption, due to the influence of the transported load, was studied and the results allowed the 

conclusion that, for this case study, this issue has no relevance. 

__________________________________________________________________________________________ 

1. Introduction 

The discussion around the environmental 
repercussions of industrialization and 
consumerism is an old but current one. It is 
important to create awareness to the fact that 
the way societies live nowadays is not 
generally energetically sustainable and that it 
is urgent to create a new line of development 
that privileges efficiency in energy resources 
use and consumption. 
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 reducing fuel consumption, pollutant 
emissions and costs. 
Waste management systems comprise many 
different areas and often deal with municipal 
solid waste (MSW) from the source to a final 
destination, which can be landfill, recycling 
stations or any other kind of waste treatment 
facility, depending on the waste disposal 
planning. A very important and cost-wise part 
of the process is the collection and 
transportation of MSW from containers to an 
intermediate (Kulcar, 1996) or final depot. It 
can represent between 40% and 70% of the 
total costs associated with a waste 



management system (Martinho and 
Gonçalves, 2000). It is reasonable to consider 
that even small improvements in this area can 
lead to significant financial savings. Moreover, 
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. 
The Geographical Information Systems (GIS) 
is a useful and resourceful tool providing 
treatment, handling and visualization of spatial 
data, and its application  for the optimization of 
waste collection routes is referenced in many 
papers (Santos and Rodrigues, 2003; 
Armstrong and Khan, 2004; Tarantilis et al., 
2004; Viana, 2006; Tavares et al., 2008; 
Tavares et al., 2009, Tavares et al., 2010). To 
optimize of a vehicle circulation route the 
Vehicle Routing Problems (VRP) methodology 
can be applied. However, VRP is considered 
NP-hard (non-deterministic polynomial-time-
hard) problem and, as a consequence of that, 
heuristic methods can sometimes be the only 
way capable of finding an optimal solution to a 
VRP, if such a solution exists (Fu et al., 2006; 
Pisinger and Ropke, 2007). The Network 

Analyst extension of ESRI’s ArcGIS
®
 9.3 

ArcMap application makes it possible to 
optimize routes for time, resorting to an internal 
tabu search meta-heuristic.  
This research work introduces a methodology 
aiming at improving waste collection and 
transportation system. For that, a system of 
selectively collected glass waste in Barreiro, 
Portugal was studied. The collection in this 
geographical region is managed by Amarsul, 
S.A., that provided necessary data for this 
case study.  
The pollutant emissions and fuel consumption 
were also calculated, resorting to MEET 
(Methodology for Calculating Transport 
Emissions and Energy Consumption) 
(Hickman et al., 1999). This reference contains 
necessary information and empirical 
expressions based on mean velocity and 
weight category of each vehicle considered. It 
seems important to consider one more 
variable, the load of the vehicle, usually left 
aside in the calculations, since it can contribute 
with up to 20% of released hot emissions 

(Hickman et al., 1999). In the present work the 
load is considered to be dynamic: its value 
changes each time a different container is 
collected, thus influencing the emissions and 
fuel consumption on the subsequent road 
section. 

2. Description of the existing system 

For Barreiro suburb, two heavy duty trucks are 
utilized to collect glass waste from 230 
distributed collection points organized in 5 
circuits. The trucks characteristics can be 
found in Table 1. 

Table 1 
Vehicle characteristics. 

Vehicle Vehicle A Vehicle B 

Fuel Diesel Diesel 

Total weight [ton] 15 19 

Curb weight [ton] 9.8 12.1 

Maximum load [ton] 5.2 6.9 
Glass load ( using 
total volume) [ton] 

6.8 8.8 

Total volume [m
3
] 15 20 

Maximum volume 
of glass waste [m

3
] 

11.5 15.2 

Cargo box 
Fixed container without 

compaction 

The maximum volume of glass waste each 
truck can transport is calculated based on the 
maximum load of each vehicle and the glass 
waste average density.  
As far as the collection and transportation of 
glass waste is concerned, that follows 
scheduling of circuits each corresponding to a 
different set of recycling containers, according 
to predetermined collection frequencies as 
presented in Table 2 . 
The pattern of collection frequencies for 
Amarsul repeats every 12 weeks. 
Since the actual collection routes of each of 
the circuits are not fixed, the drivers have 
liberty in choosing the sequence of the 
collection points to be visited, the routes were 
simulated, resorting to the Network Analyst 
extension of ESRI’s ArcGIS

® ArcMap, 
assuming that they follow the shortest travelled 
distance criterion. 

3. Methodology 

One of the premises of this work was that the 
collection frequencies in use by Amarsul were 
not adjusted to the real fill-up rates of the glass 
waste containers. 



Table 2  
 Scheduling of the circuits for glass waste collection. 

Circuit 
Week 

1 2 3 4 5 6 7 8 9 10 11 12 13 

A x   x   x   x   x 
B  x   x   x   x   
C x   x   x   x   x 
D  x    x    x    
E x    x    x    x 

The values for fill-up rates of each recycling 
container were available through a statistical 
analysis based on historical data on the 
containers fill-up rates. That was the basis for 
the planning of a new set of circuits with 
attributed recycling containers which routes 
were then optimized for the shortest spent time 
and the shortest travelled distance resorting to 
ESRI’s ArcGIS

®. According to the new 
schedule, only containers reaching fill-up rate 
equal or higher than 70% of its volume are 
collected (however, before reaching full 
volume). 
The volume to be collected from each container 
on a given day is estimated based on its 
expected daily fill-up increment: 

� = ᾱ × ∆                          (1)   

 where δ (m3) is the expected fill-up volume 
of a given container, ᾱ (m3/day) is the mean 
daily fill-up rate and Δ is the number of days 
passed between the specified day of the next 
collection and the day of the last executed one. 
Estimation of the amounts of emissions for 
carbon monoxide (CO), carbon dioxide (CO2), 
volatile organic compounds (VOC) including 
hydrocarbons (HC), nitrogen oxide (NOx) and 
particulate matter (PM), as well as fuel 
consumption follow the guide provided in the 
MEET report (Hickman et al., 1999) for the 
category of heavy duty vehicles (HDV). 
According to that, for diesel HDV, total 
emissions of a certain pollutant are calculated 
as the sum of hot and cold emissions of all the 
vehicles involved, for all the travelled routes, as 
follows: 

� = ∑ ∑ ���	
 + ��	���	�
�������          (2) 

where E (g) represents total emissions, Ehot (g) 
and Ecold (g) are hot and cold emissions, 
respectively. 
Cold emissions are estimated as a constant 
value per cold start:  

��	� = ��	� × ��. ���� ��� �!          (3)   

where εcold (g/cold start) is a constant factor, 
that depends on the total weight of the vehicles, 
and No. Cold Starts is the number of cold 
starts. 
Hot emissions are a function of the travelled 
distance: 

��	
 = ��	
 × �                      (4)       

where εhot (g/km) is the hot emission factor for a 
certain pollutant and d (km) is the travelled 
distance.  
The hot emission factor depends on the vehicle 
velocity and the vehicle weight category, 
expressed in a general form as: 

��	
 = " + �# + $#% + &#' + �
( + �

() + *
(+    (5) 

where K, a, b, c, d, e and f are the function 
coefficients, that depend on the total weight of 
the vehicles, and ν (km/h) is the mean velocity. 
When load (but not road gradient) is considered 
to affect pollutant emissions, its influence is 
accounted for by the following load correction 
function: 

Φ�-� = . +  - + !-% + �-' + �
/          (6) 

where Φ represents the dimensionless load 
correction function, ν (km/h) is the mean 
velocity and k, r, s, t and u are the function 
coefficients, that depend on the total weight of 
the vehicles. 
Equation 6 is valid when the vehicles carry full 
load. When the vehicles are only partly loaded, 
knowing that the hot emission factors vary 
linearly with load, it becomes necessary to 
apply a linear interpolation to the extreme 
values of load resulting in a corrected emission 
factor (g/km) expression: 

��	����
�� = ��	
�Φ − 1�z + ε456          (7) 



where εcorrected corresponds to the corrected 
emission factor, z to the parcel of total load 
carried (ranging from 0 to 1). 
Then the final expression to compute hot 
emissions is 

��	
 = ��	����
�� × �                  (8)  

The fuel consumption (l) for an entire route is 
given by 

7� = 89×: [<=]
?<=@ [<=)]

?<=)@ [A<]
?A<@ [B?]

?B?C
DEEE×F9           (9) 

where FC (l) is the fuel consumption, MF, MCO, 
MCO2, MHC and MPM are the fuel and the 

pollutants molar masses, in g/mol, [CO], [CO2], 
[HC] and [PM] are the total pollutant emission 
amounts, in g, and ρF is the fuel density, in this 
case corresponding to 0.85 kg/dm3. The MEET 
report provides values for the molar masses of 
the fuel and pollutants. For diesel: MF depends 
on the ratio C/H of the fuel and has a value of 
14 g/mol; MCO is 28 g/mol; MCO2 is 44 g/mol; 
MHC depends on the ratio C/H of the HC and 
equals 14 g/mol; finally, MPM depends on the 
proportion of carbon in the particulate matter 
and has a value of 12 g/mol. 

4. Results and discussion  

The adjustments done to the collection 
schedule resulted in an enhanced pattern of 
frequencies which only repeats after 288 weeks 
creating in total 58 new collection circuits. 
Generally, each week has a 5-hour collection 
period, although weeks without collection as 
well as those with two collection periods occur. 
Weekly average values of travelled time, total 
time, travelled distance, fuel consumption, 
pollutant emissions amounts and costs were 
computed for both the existing and new 
proposed system. The comparison of the 
results obtained for the existing system in use 
and the new system which glass waste 
collection routes were optimized for distance 
are presented in  

Table 3, whereas the comparison of the results 
for the existing system and the new one with 
the routes optimized for time can be seen in 

Table 4. 

Substantial differences can be observed in the 
values obtained both from the optimization of 
routes for distance and for time, when 
compared to the ones estimated for the actual 

system in Barreiro. Although the results from 
the optimization for distance show great 
improvements (almost 50% in some cases as in 
total time and labour cost), the most significant 
potential benefits come from the optimization 
for time. 
The implementation of the optimized routes for 
time could result in savings up to 57% of total 
cost; labour cost is the parcel that contributes 
the most for these savings and shows a 
reduction of 62% (Fig. 1). Altogether, these 
results represent over €11,000 cost savings per 
year. 

 

 

Fig. 1 
The results for cost, for all three systems: Amarsul, 
optimization for distance and optimization for time. 

Fuel consumption also contributes to the 
total cost and was reduced by 28%. As for 
emissions, the pollutants that show greater 
reductions are VOC by 52%, and PM by 50%. 
Nonetheless, the emitted amounts of all the 
pollutants decreased more than 40%. These 
results are presented in Fig. 2. 

 

Fig. 2 
Comparison of the fuel consumption and pollutant 
emissions amounts for the actual and the new 
systems, the new one optimized for time and for 
distance, respectively. 



 

Table 3 
Comparison of the results for the routes optimized for the shortest travelled distance with those representing the 
actual glass collection system. 

 Optimization for distance Amarsul 

 
Vehicle 

 A 
Vehicle 

B 
Total 

Vehicle 
A 

Vehicle 
B 

Total 

Travel time 
[min/week] 

130 120 249 213 152 364 

Total time 
[min/week] 

197 198 395 405 375 780 

Travel distance 
[km/week] 

55.8 53.2 109.0 81.8 63. 2 145.0 

Fuel consumption 
[l/week] 

14.5 20.0 34.5 23.2 24.4 47.6 

Pollutant 
emissions 
[g/week] 

CO 182 235 417 285 302 587 

CO2 37926 52422 90348 60463 64100 124561 

VOC 129 130 260 204 165 369 

NOx 445 662 1107 707 805 1511 

PM 45 44 89 72 55 126 

Cost 
[€/week] 

Fuel 
consumption 

14.1 19.5 33.6 22.6 23.8 46.4 

Maintenance 10.6 11.7 22.3 15.5 13.9 29.4 

Labour 80.2 80.6 160.9 164.9 152.6 317.4 

Total 105.0  111.8 216.8 202.9 190.3 393.2 
 
Table 4 
Comparison of the results for the routes optimized for the minimum time with those representing the actual glass 
collection system. 

 Optimization for time Amarsul 

 
Vehicle 

A 
Vehicle 

B 
Total 

Vehicle 
A 

Vehicle 
B 

Total 

Travel time 
[min/week] 

72 77 149 213 152 364 

Total time 
[min/week] 

137 159 296 405 375 780 

Travel distance 
[km/week] 

53.3 56.1 109.4 81.8 63.2 145.0 

Fuel consumption 
[l/week] 

10.4 16.9 27.3 23.2 24.4 47.6 

Pollutant 
emissions 
[g/week] 

CO 134 184 318 285 302 587 

CO2 27103 44327 71430 60463 64098 124561 

VOC 89 89 179 204 165 369 

NOx 295 524 819 707 805 1511 

PM 29 34 63 72 55 126 

Cost 
[€/week] 

Fuel consumption 10.1 16.4 26.5 22.6 23.8 46.4 

Maintenance 10.1 12.3 22.5 15.5 13.9 29.4 

Labour 55.6 64.7 120.3 164.9 152.6 317.4 

Total 75.8 93.5 169.2 202.9 190.3 393.2 



Fig 3. shows a comparison between the values 
for travelled time, total time and travelled 
distance per week, corresponding to the 
existing collection system managed by 
Amarsul Company and the new system 
optimized for distance and time. The major 
reductions were achieved in total time. The 
least noticeable improvements were referent to 
travelled distance; in this case, the optimization 
for distance produces the best results, as 
expected, although the difference is almost 
irrelevant. 

 

Fig. 3 
Comparison of the travelled time, total time and 
travelled distance for the actual and the new 
systems, the new one optimized for time and for 
distance, respectively. 

 
Fig. 4 
Collection route for a set of recycling containers 
(“green-points”) attributed to Vehicle A optimized for 
the shortest time. 

As far as the utilisation of the collection trucks 
is concerned, each set of recycling containers 
(circuit) can be attributed to one or both 
vehicles, thus resulting in one or two routes, 
accordingly. This choice is made by the ESRI’s 

ArcGIS
®
 ArcMap Network Analyst, during the 

optimization procedure. Since the most 
favourable results come from the optimization 
for time, a couple of examples for time 
optimized routes for Vehicle A and Vehicle B 
are presented in Fig. 4 and Fig. 5, respectively. 

The blue paths represent the vehicle routes. 

 
Fig. 5 
Collection route for a set of recycling containers 
(“green-points”) attributed to Vehicle B optimized for 
the shortest time. 

5. Conclusions 

The objective of this research was to contribute 
to the improvement of a MSW collection and 
transportation system. The new proposed 
methodology was based on utilization of actual  
fill-up rates of waste collection containers firstly 
to determine their empting frequencies and 
organization in circuits; and secondly to 
optimize waste collection vehicles routing in 
the circuits. The methodology was applied to 
study the glass waste collection in Barreiro, 
near Lisbon, Portugal, of a MSW management 
company Amarsul, S.A.. In this region, the 
containers fill-up rates were available from a 
statistical analysis of the historical data.  



The new schedule scheme resulted in a 288 
week cycle with a set of 58 new collection 
circuits. The recycling containers in each circuit 
were then attributed to one or two collection 
vehicles through the vehicle routes 
optimization both for time and for distance, 
resorting to ESRI’s ArcGIS

® software. 
In order to evaluate the new proposed 
methodology the following parameters were 
calculated: travelled time, total time, travelled 
distance, fuel consumption, pollutant 
emissions, including CO2, fuel consumption 
and costs consisting of the cost of fuel 
consumption, maintenance and labour. The 
methodology presented by the MEET 
(Hickman et al., 1999) was applied to estimate 
emissions and fuel consumption. 
The calculation of emissions and fuel 
consumption considered also the influence of 
dynamic load, since each time a container is 
collected the total vehicle load increases and 
affects the released emissions and fuel 
consumption on the subsequent road section.  
The results showed significant benefits with 
improvements in every aspect of the system 
considered and in all the components 
estimated. Overall, the system from which 
derived the best results was the new schedule 
with time optimized routes. 
The optimization for time approach resulted in 
the fuel consumption reduction by 28%, and 
reductions in pollutant emission amounts were 
reduced up to 50%. 
The consequences of the reductions in 
travelled time, total time and travelled distance 
were savings in costs related to fuel 
consumption, maintenance and labour. This 
way the total cost resulted in 38% of the cost of 
the original system. This means that more than 
€11,000 cost savings per year could be 
achieved by the implementation of the new 
schedule, with the routes optimized for time. 
The benefits deriving from the application of 
the new collection and transportation system 
are very important and should be considered 
for integration in the MSW management 
system of Amarsul. Moreover, the collection of 
other recycling materials should be analyzed in 
order to maximize these benefits. 
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