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Abstract 
With growing environmental concerns and the establishment of ambitious targets for recycling from the 
European Union, each country is forced to look for new ways to recover recyclables. With the value of 
glass recycling systematically falling short in comparison to the established goals, Sociedade Ponto 
Verde decided to invest in an innovative project for a packaging glass recovery unit. This unit will be 
responsible for landfill rescue of up to 150,000 tons of glass per year. 
It was in this context that this work emerged, aiming to contribute with the logistical planning of the whole 
system associated with that unit, exploring different logistics scenarios in order to leverage its financial 
viability. Two different systems will be compared, a fixed system, where the equipment is installed in a 
location to be decided, and a mobile system, where the equipment will be installed inside a mobile unit 
that will travel around the country. The fixed system can be either a purely decentralized scenario, where 
each location will have its own equipment, or an optimized one, where a mathematical model choses 
the amount of equipment and its locations, in a way that will increase the Net Present Value.  
 
Keywords: Reverse Logistics, Network Design, Location of Infrastructures, Logistic Systems. 
_________________________________________________________________________________

1. Introduction 
The increase in human population, the 
consumption habits boosted by expanding 
industries and the lack of investment in urban 
waste disposal planning are some of the main 
problems that lead to the large amount of poorly 
managed waste, making its management, one 
of the most complex problems of the 21st 
century (Vergara e Tchobanoglous, 2012). Due 
to low profitability, recycling and recovery of 
materials are not always the options of choice, 
so millions of tons end up in landfill each year 
(Renou et al., 2008; APA, 2017c), noting an 
increase in the category of packaging waste. 
The glass used in packaging is 100% reusable 
and recyclable, while when left in landfills, it can 
take to 1 million years to decompose (Lipor, 
2018). While the European targets for the 
recycle of this material are 65%, Portugal is at 
50%. Since 50% of the glass is being landfilled, 
a method for its recovery is long due. This was 
the goal that led to the development of the 
technology called RecGlass by the CERENA 
(Centre for Natural Resources and Environment 

of Instituto Superior Técnico). This equipment, 
presented in Dias (2015), allows the increase of 
the percentage of glass to be recycled, as it is 
able to recover the glass from undifferentiated 
waste, coming from Biological-Mechanical 
Treatment plants (TMB). 
The goal of the present study is to leverage the 
financial viability of RecGlass by studying 
different logistic networks associated with the 
implementation of the equipment: two fixed 
system scenarios, these being the 
decentralized scenario and the optimized 
scenario, and a mobile system scenario. A 
mathematical model is to be developed to aid in 
the finding of the best possible configuration for 
the logistics network. In the end, a proposal for 
a logistics system that reduces the costs of the 
RecGlass project will be proposed, achieving a 
greater absolute potential for packaging glass 
recovery. Since this is an investment, the 
models will consider that the goal is to maximize 
Net Present Value (NPV). 
The paper is structured as follows: in Section 2, 
relevant literature on the network design and 
location models is presented. In Section 3, a 
complete problem statement is presented. The 
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mathematical model is presented in Section 4. 
In Section 5 the results of each system are 
presented. A sensitivity analysis is conducted in 
order to study the influence of the variation of 
certain parameters, in section 6. Finally, in 
section 7 some conclusions are drawn. 

2. Literature Review 
Reverse Logistics 

The first definition of reverse logistics dictates 
that it encompasses everything related to the 
logistics activities performed in the recycling, 
replacement, reduction, reuse of materials and 
their disposal (Stock & Council of Logistics 
Management, 1992). Tibben-lembke & Rogers 
(2002) proposes a definition that, in addition to 
waste management, also presents a 
perspective of value recovery, where reverse 
logistics aims to recover value from products or 
eliminate them in a proper way. In short, reverse 
logistics is the logistics process through which 
products are transferred from consumer back to 
producer in order to be reused, recycled or 
disposed (Johnson, 1998). 

Network Design 

One of the most important decisions a company 
can make logistically has to do with the design 
of its distribution network, commonly referred to 
as Network Design, which is the stage 
responsible for planning locations, capacity of 
structures or allocation of resources, among 
others (Chopra e Meindl, 2013). Defining this 
network involves many variables, depending on 
the various possible objectives (ranging from 
cost savings to service level improvements) and 
will influence all other aspects of supply chain 
management. There are two major types of 
logistics design for a supply chain: a centralized 
design or a decentralized design. Considering a 
simple traditional chain involving producer, 
distribution centre and customer, a 
decentralized logistics system implies that there 
are several points of accumulation, in this case 
distribution centres. On the other hand, a 
centralized system is when the number of 
accumulation points in each geographical area 
is reduced and deals with a larger number of 
customers. It is generally accepted that a 
centralized supply chain will lead to better 
results than a decentralized chain regarding 
total costs (Lee e Billington, 2011; Haehling von 
Lanzenauer et al., 2002), but the decentralized 
chain has advantages in cases of products that 
involve customization (Mourtzis e Doukas, 
2012). Pibernik (2006) analyses the 
implications and limitations of various 
approaches to centralized or decentralized 
supply chain planning, while Saharidis et al. 
(2006) compared the centralized and 

decentralized scenarios in terms of profit 
maximization, in a production context, which will 
depend more on the location of suppliers than 
on customers, a situation similar to the present 
case study. Du e Evans (2008) developed a bi-
objective function where, for the purpose of 
minimizing total costs, the ideal situation was a 
centralized structure, while to fulfil the objective 
of reducing delivery times, the most 
advantageous would be a decentralized 
structure, making it an interesting read from a 
trade-off analysis point of view. 

Location Models 

Finding the optimal location for a warehouse 
can help minimize transportation costs, ensure 
a competitive advantage (Steele e Barovick, 
2001) and improve operational performance 
(Chen et al., 2014). Given the high complexity 
of these types of decisions and the numerous 
peculiarities of each business, the literature on 
localization problems has greatly increased in 
recent years, as has the variety of decision 
support models (Narasimhan e Mahapatra, 
2004). A Facility Location Problem (FLP), 
sometimes called a warehouse or plant location 
problem, involves a set of customers and a set 
of possible locations for the facilities that will 
serve the customer. The challenge is deciding 
where to place the facility and how to allocate 
customers and their demand to the facility in 
operation (Owen e Daskin, 1998). There are 
five components to characterizing a localization 
problem: customers whose location is assumed 
to be already known; the facilities to be located; 
the geographic space in which the set of 
customers and locations will be inserted; the 
unit of distance or time between customers and 
facilities and the goal the decision maker wants 
to achieve (ReVelle e Eiselt, 2005; ReVelle et 
al., 2008). 
In terms of continuous models to find the 
optimal location of an installation, the gravity 
method is one of the simplest and therefore, 
most widely used. This problem has gained 
attention due to Wesolowsky (1993), and more 
recently to Ballou (2004), who introduced the 
transport cost variable. The goal is to find the 
best location for a facility that minimizes the total 
transportation cost between the facility and 
various predefined points, such as supplier 
locations, considering the volume transported 
and the transportation cost per distance. This is 
a static model and this data will not vary over 
time. Drezner e Drezner (2006) present in their 
article an example of problem solving using the 
gravity method to minimize the distances 
travelled by customers to the facilities they have 
decided to open. 
In terms of discrete models, two common 
models are the minisum model (p-median) with 
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the aim of minimizing the average distances 
and the minimax model (p-center) that 
minimizes the maximum distances (which may 
be important when accessibility to this location 
is a key factor). Olhager e Pashaei (2015) 
present a very complete review of all aspects, 
strategic and structural, related to the opening 
or closing of facilities, which may be factories, 
warehouses, distribution centres or waste 
transfer stations. Two good real case studies on 
this topic are  Yadav et al. (2017) and Rathore 
e Sarmah (2019), who propose approaches to 
find the optimal location for waste transfer 
stations from an economic point of view and 
analyse their feasibility. The first approach 
includes the creation of a mathematical model 
to optimize costs and the use of geographic 
information systems to store data to insert in the 
model, which was the key to optimization. The 
second one uses the same techniques, but 
analyses the problem according to several 
different scenarios, such as considering waste 
separation at source (end consumer) and 
creating logistical planning assuming that each 
type of waste will be sent to transfer or not 
considering waste separation, where transfer 
stations will receive all types of waste. These 
two works will serve as inspiration in the 
structuring of the scenarios to consider in the 
resolution of the problem in hands. 

3. Problem Statement 
This challenge began with the identification of 

an opportunity to reduce the amount of waste 

on landfill, to reach the recycling targets for 

glass. The problem is, such requires a financial 

investment that the interested entities were not 

able to endure, due to the lack of financial 

return. Having identified the opportunities and 

limitations of the whole system, by conducting 

an extensive research work regarding the legal, 

economic, social and logistical context of this 

project, the goal was to propose a logistic 

system for the implementation of the RecGlass 

diagram of processes, in a way that would prove 

itself financially viable. For this end, the support 

of all entities involved, especially TMBs, was 

crucial in terms of data collection and context 

awareness, so that the model could be 

developed. Two logistic systems were under 

comparison, the mobile system and the fixed 

one, that could ramify into a decentralized or 

optimized logistic network. Several scenarios 

were studied, each of it with its own 

particularities, especially regarding to the 

business model considered in each scenario. 

Different scenarios allow different business 

models to be used, each with different 

advantages or disadvantages, that will either 

support that scenario or make it unfeasible. 

4. Approaches Explanation 
In order to determine the best logistic system, a 
manual analysis was made to the mobile 
system, in hopes to collect more information 
regarding which model to apply next. As for the 
fixed system, a mathematical model was 
developed from scratch. The purpose of the 
model is to define the number of installations to 
open, in which locations and how many 
diagrams will work in each installation, in order 
to maximize Net Present Value (NPV). The 
model also defines what quantities of TMBr 
must be processed to achieve a certain return. 
The NPV considers as revenue the return value 
attributed to landfill salvaged glass, but also the 
landfill space released due to the recovery of 
the glass. As costs, it is considered the initial 
investment costs, land and equipment, and 
operating costs for electricity, machine 
maintenance, human resources, transportation 
and landfill costs to deposit the reject resulting 
from processing in the RecGlass diagram. The 
model does not consider the acquisition of new 
equipment in the timeframe of this analysis but 
considers the financial update for each year and 
the depreciation of the equipment. The model 
will also indicate to which facility each TMB will 
send its reject to be processed and to which 
landfill each facility will send its reject through 
the flow variables, representing direct and 
reverse flows. 
 
Inputs: Costs, information regarding operating 
the RecGlass diagram, information regarding 
the TMBr of each TMB, locations, financial 
rates. 
 
Outputs: 
• Number of installations to open and where 
they are 
• Number of diagrams in each installation 
• TMB product flows i for installation j (per t) 
• Flow from installation j to landfill i (per t) 
• Amount of glass recovered 
With the goal of maximizing the project’s Net 
Present Value (NPV). 
 

Mathematical Formulation 
Sets 
I        Set of TMBs/landfills locations i ∈ I 
J       Set of possible locations for the plant j ∈ J 
T       Set of time periods t (years) 

Indices 
i        Entity TMBs/landfills – i = 1,2,3,…,n 
j        Entity Plant –  j = 1,2,3,…,m 
t       Time Unit – t = 1,…,a 
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Binary variables  
Yj   - To open or not the plant at j, Yj =1 if it opens 
and Yj =0 if it does not open 

Discrete non negative variables 
Dgj - Number of diagrams to install at the plant j 

Continuous non negative variables 
Qi,j,t - Amount of TMBr (in ton) from i to j in the 
period of t (inbound flow at the plant) 
QDj,i,t - Amount of waste from the RecGlass 

process (in ton) from j to i in the 
period of t (outbound flow) 

Auxiliary Variables 
CI - Cost of total initial investment 
CL- Cost of opening all necessary plants j  
CDuj - Cost of all RecGlass diagrams Dg 
needed in j 
CD - Cost of all the RecGlass diagrams Dg 
needed in the sum of all plants j 
COuj,t - Operational costs at j if there is a flow at 
that plant, in the year t 
COt - Operational costs of the sum of all open 
plants j, in year t 
CHuj,t - Human Resources costs at j, if it opens, 
in year t 
CHt - Human Resources costs with the sum of 
all open plants j, in year t 
Ceuj,t  - Electricity costs per processed ton at j, 
for each year t 
Cmuj,t - Equipment maintenance costs, per 
processed ton, at j, for each year t 
CTrt - Transportation costs for year t 
Pj,t - Amount of final product to sell (tons of 
recovered glass) at j in year t 

CFt - Cash Flow in year t 
NEt - Net Earnings in year t 
 

Parameters 

CLu - Cost of land to build the plant 
CDu - Cost of one RecGlass diagram 
E - Efficacy of the RecGlass diagram in 
recovering glass 
Cap - Maximum anual capacity of each 
RecGlass diagram for processing TMBr  
U - Utilization rate of each diagram 
di,j  - Distance between TMBs i and plants j in km 
Ckm - Cost per ton, per km, m € 
W - Number of workers per RecGlass diagram, 
per shift, at the plants 
Cw - Annual cost with each worker 
N - Number of working shifts at plant j 
Ce - Annual Electricity costs per shift, per 
RecGlass diagram 
Cm - Annual maintenance costs per RecGlass 
diagram, per year 
Ati  - Landfill costs at i for material from i, per ton 
Atci - Landfill costs at i for material from j, per 
ton 
Vi - Percentage of glass in the TMBr on i 
Vpt - Percentage of glass in the TMBr 
throughout the years 
Pu - Value of the recovered glass per ton (€/ton) 
TMBri,t - Annual amount of TMBr produced in i 
αi  - Percentage of TMBr from i that is between 
6 and 16 mm 
Tr - Tax rate 
Ir - Interest rate 

 
Objetive Function 

𝑀𝑎𝑥 𝑉𝐴𝐿 =  ∑ 𝐶𝐹𝑡

𝑡𝜖𝑇

− 𝐶𝐼 

 
(1) 

With the auxiliary equations:  

𝐶𝐹𝑡 =  
𝑁𝐸𝑡

(1 + 𝐼𝑟)𝑡
 

(2) 

𝑁𝐸𝑡 = (1 − 𝑇𝑟) [(𝑃𝑢 ∗ ∑ 𝑃𝑗𝑡

𝑗∈𝐽

+ ∑ ∑(Qi,j,t ∗  𝐴𝑡 – QD𝑗,𝑖,𝑡  ∗  Atc)

𝑗∈𝐽𝑖∈𝐼

 ) − (𝐶𝑂𝑡 + 𝐶𝐻𝑡 + 𝐶𝑇𝑟𝑡)] +  𝑇𝑟

∗ 𝐶𝐷 

(3) 

𝐶𝐼 =  𝐶𝐿 + 𝐶𝐷 

𝐶𝐿 =  ∑ 𝐶𝐿𝑢 ∗ 𝑌𝑗  
𝑗∈𝐽

 

𝐶𝐷 =  ∑ 𝐶𝐷𝑢𝑗  
𝑗∈𝐽

 

𝐶𝐷𝑢𝑗 = (
𝐶𝐷𝑔

2
) ∗ 𝑌𝑗 + (

𝐶𝐷𝑔

2
) ∗ 𝐷𝑔𝑗 

(4) 
(5) 

 
(6) 

 
 

(7) 

𝐶𝐻𝑡 = ∑ 𝐶𝐻𝑢𝑗,𝑡

𝑗𝜖𝐽

 

𝐶𝐻𝑢𝑗,𝑡 = 𝑊 ∗ 𝐶𝑤 ∗ 𝐷𝑔𝑗 ∗ 𝑁 

(8) 
 

(9) 
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𝐶𝑇𝑟𝑡 = 𝐶𝑘𝑚 ∗ (∑.
𝑖𝜖𝐼

∑ 𝑄𝑖,𝑗,𝑡 ∗ 𝑑𝑖,𝑗

𝑗𝜖𝐽

+  ∑.
𝑖𝜖𝐼

∑ 𝑄𝐷𝑗,𝑖,𝑡 ∗ 𝑑𝑗,𝑖

𝑗𝜖𝐽

) 

 
(10) 

𝐶𝑒𝑢𝑗,𝑡 = 𝐶𝑒 ∗ ∑ 𝑄𝑖,𝑗,𝑡

𝑖∈𝐼

 

𝐶𝑚𝑢𝑗,𝑡 = 𝐶𝑚 ∗ 𝐷𝑔𝑗 

𝐶𝑂𝑢𝑗,𝑡 = 𝐶𝑒𝑢𝑗,𝑡 + 𝐶𝑚𝑢𝑗,𝑡 

𝐶𝑂𝑡 = ∑ 𝐶𝑂𝑢𝑗,𝑡

𝑗∈𝐽

 

(11) 
 

(12) 
(13) 
(14) 

𝑃𝑗,𝑡 = ∑ 𝑄𝑖,𝑗,𝑡 ∗ 𝑉𝑖 ∗ 𝑉𝑝𝑡 ∗ 𝐸 ∗ 𝑈
𝑖∈𝐼

 (15) 

Subject to: 

 
The model presented can be explained as 
follows: first, the objective function (1) 
maximizes the Net Present Value for the 10 
years of the project. To simplify the objective 
function, auxiliary equations were created, and 
can be seen from (2) to (15). Equation (2) 
represents the Cash Flow per year, which can 
be seen as the financial actualization of the Net 
Earnings, calculated in (3) by considering all 
sources of revenue and costs from the 
equations (4) to (15). Equation (4) represents 
the initial investment cost made in year zero, 
which includes the cost of land acquisition (5) 
and the cost of all diagrams (6). Equation (7) 
includes a reduction on diagram costs in case 
more than one is installed. Equation (8) and (9) 
begin to deal with operating costs, in this case 
human resources costs, while equation (10) 
deals with transport costs. Equation (14) 
calculates the operating costs for electricity and 
maintenance of the diagrams, which is the sum 
in j of (13), which calculates this value for each 
installation j through (11) and (12). Finally, 
equation (15) calculates the amount of glass 
recovered at each installation, so that in 
equation (3) the revenue can be calculated.  
Moving on to the model constraints, (16) and 
(17) refer to the material balance in the 
processing facilities, where there are only three 
possible flows: the inflow of the waste from 
TMBs to processing facilities (𝑄𝑖𝑗𝑡), the outflow 

from the processing facilities to landfill (𝑄𝐷𝑗𝑖𝑡), 

and the rescued glass, from processing facilities 
to consumers (recyclers), 𝑃𝑗,𝑡. Constraint (18) 

states that the flow from a TMB i to the sum of 
installations j must be equal to the total TMBr 
that this TMB i produces annually, that is in the 
size interval of 6 to 16 mm (hence multiplication 
by factor α). This constraint is marked with an 
asterisk (*) because it is one of the constraints 
that suffers changes, depending on the 
scenario to be analysed. If we want to activate 
the restriction that all TMBr must be processed 
in full, then the equation remains as is. If we 
want to let the model choose the quantities of 
TMBr to process, then the equal sign will 
become a “less than or equal to”. Moreover, in 
certain scenarios, α will not be considered and 
will be removed from that constraint. Constraint 
(19) is related to capacity constraints at the 
processing facility. Constraint (20) is one of the 
key equations, as it defines the scenario under 
study, whether it is a decentralized network 
(𝑌𝑗 = 1 ) where all processing facilities must 

open or an optimized one (∑ 𝑌𝑗𝑗 ≥ 1) where the 

only restriction is that at least one facility has to 
open, in the country. Constraint (21) determines 
that the number of diagrams in each open 
installation is always equal to or greater than 
one, and constraint (22) reinforces that, if an 
installation does not open, no flows will go 
through it. Some of the constraints force some 

∑ QDj,i,t

𝑖 ∈𝐼

= ∑ Qi,j,t

𝑖∈𝐼

− Pj,t    , ∀ 𝐣𝛜𝐉, ∀ 𝐭𝛜𝐓 (16) 

∑ ∑ 𝑄𝐷𝑗,𝑖,𝑡

𝑖∈𝐼𝑗∈𝐽

= ∑ ∑ 𝑄𝑖,𝑗,𝑡

𝑗∈𝐽𝑖∈𝐼

− ∑ 𝑃𝑗,𝑡

𝑗∈𝐽

  , ∀ 𝒕𝝐𝑻 (17) 

∑ 𝑄𝑖,𝑗,𝑡

𝑗∈𝐽

= 𝑇𝑀𝐵𝑟𝑖 ∗ 𝛼𝑖 , ∀ 𝒊𝝐𝑰, ∀ 𝒕𝝐𝑻  
(18)* 

𝐶𝑎 ∗ 𝐷𝑔𝑗 ≥  ∑ 𝑄𝑖,𝑗,𝑡

𝑖∈𝐼

 , ∀ 𝒋𝝐𝑱, ∀ 𝒕𝝐𝑻  
(19) 

𝑌𝑗 = 1 𝑜𝑢 ∑ 𝑌𝑗𝑗 ≥ 1  (20)* 

Dgj ≥ Yj 

𝑄𝑖,𝑗,𝑡 ≤ 𝐵𝑖𝑔𝑀 ∗ 𝑌𝑗  , ∀ 𝒊𝝐𝑰, ∀ 𝒋𝝐𝑱, ∀ 𝒕𝝐𝑻 

(21) 
(22) 
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redundancy to make the model more robust. 
The final model results in a mixed integer linear 
programming model (MILP) that was 
implemented in GAMS. 

5. Results 

Mobile System 

The outcome of the pre analysis to this system 
was that, for the total annual TMBr in Portugal, 
24 RecGlass diagrams would be needed, 
running during the 247 working days, 8 hours 
per day, with a processing capacity of 5.33 tons 
per hour. If only the 9 best TMBs (the most 
advantageous due to higher production of TMBr 
and greater presence of glass) were to be 
considered, 15 diagrams would be needed. This 
analysis reveals that the number of mobile 
diagrams required would be too high, and that 
for the required number of mobile units 
permanently in each TMB, the mobile system 
becomes a fixed system, since mobile units 
would essentially be stationed at the TMBs for 
several months in a row. For this reason, the 
mobile system was discarded, and further 
analysis was not done nor was a scheduling or 
route model analysed. The only possibility for 
this mobile system to prove advantageous with 
real data would be a mobile unit dedicated 
solely to the 3 mechanical-biological treatment 
plants in the south of the country, due to their 
low production of TMBr and the proximity 
between them. 

Fixed System 

The data collected was inserted into the model 
described in section 4, for both fixed system 
scenarios: decentralized and optimized. 
However, there are some changes to the values 
to be used in each scenario, which are 
summarized in table 5.1.  

Table 5.1: Comparison between Decentralized and 
Optimized model 

Decentralized Optimized 

Processing facilities 
fall under TMBs 

Processing facilities are 
under the authority of a 
private external entity 

Number of workers 
(W) =1 

Number of workers  
(W) = 2 

External Landfill  
(Atci) = 8 €/ton 

External Landfill  
(Atci) = 46 €/ton 

Rescued Glass value 
(Pu) = 71 €/ton 

Rescued Glass value 
(Pu) = 71 €/ton 

Amount of TMBs sending TMBr to RecGlass 
facilities =18 or 9, depends on scenario (t or m) 

Possible facility 
locations = 18 or 9 

depends on scenario 

Possible facility 
locations = 19 

𝒀𝒋 = 𝟏 ∑ 𝑌𝑗 ≥ 1

𝑗

 

 

The necessary changes are mainly due to the 
differences in the business model that can be 
assumed in each case. If processing facilities 
fall under TMBs, as assumed in the 
decentralized scenario, more advantageous 
values may apply (such as external landfill 
costs), rather than the optimized case where the 
most obvious situation is that processing 
facilities are under a private external entity, in 
which case they cannot use the same values as 
the decentralized one. In the decentralized, 
since the processing facility is handled by TMB, 
only one extra worker will be needed per 
diagram to keep the system running, but in the 
optimized system, at least two workers per 
diagram will be required. Regarding the internal 
landfill cost, the cost for each TMB, the cost of 
putting one ton of waste in landfill is 8 €/ton for 
both scenarios, and will be used to calculate 
part of the project revenues as each ton of 
landfill-rescued glass frees up space, 
generating revenue. But regarding the cost of 
external landfill, the values increase 
substantially for the optimized scenario, having 
an average value of 46 €/ton. In the optimized 
scenario, as it is considered that it is an external 
entity that processes TMBr, the final reject of 
this process will be landfilled by the external 
entity, which means that the prices charged for 
this external landfill are much higher, while this 
external landfill cost remains as 8 €/ton for the 
decentralized scenario. The return value of the 
recovered glass was considered 71 €/ton in 
both cases. This figure is currently tabulated for 
TMB glass in Portugal, but in the private sector 
this figure is not realistic. The amount that can 
be expected to be received in return for this 
glass on the take-back market is close to 40 
€/ton. For both fixed system scenarios, 18 or 9 
TMBs producing TMBr were considered, 
depending on the sub-scenario considered, t or 
m. However, for possible locations for installing 
the diagrams, the numbers differ. For the 
decentralized scenario, the possible locations 
are the 18 or 9 TMBs to consider. For the 
optimized scenario, 19 possible locations are 
considered due to the location determined using 
the gravitational method. In the optimized 
scenario, it is always desirable to be in the 
vicinity of a TMB due to the proximity of a 
landfill, even though that TMB may not ship 
product. Figure 5.2 shows the several sub 
scenarios studied for both fixed systems. The 
sub scenarios consist in changing the amount 
of TMBr to be processed, if it is the whole 
amount available nationally or if the model has 
the freedom to choose how much to process, 
also, the amount of TMBs involved in the project 
and the quantity of glass present in TMBr over 
the next 10 years. 
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Figure 5.2: Diagram of fixed sub scenarios studied 

 

In tables 5.3 and 5.4 we can see the differences 
in the financial viability of each scenario. It 
becomes obvious that, in any scenario where a 
reduction in the amount of glass in landfills is 
applied, the project is not viable, due to the 
reduction in the revenue. The financial outcome 
will be particularly bad if the parameter α cannot 
be applied. It is also observed that, when the 
system is already in a state of loss, the more we 
force it to process waste, the bigger the loss, as 
the costs will overcome the revenue. However, 
the below analysis does not reflect what would 
be expected: that would be the optimized 
system presenting a better NPV than the 
decentralized, since the optimized system can 
also take the form of a decentralized system. 
This situation happens because we are 
considering different business models. 

__________________________________________________________________________________________ 

Table 5.3: Decentralized scenarios analysis 

Scenario   NPV  

 D
e
c
e
n

tr
a
li
z
e
d

  

Free 
TMBr   

Total 
TMBr   

 18 
TMBs 

 9 
TMBs  

 % glass 
constant  

 % glass 
decreases*  

with α 

 1.1.t     6 102 860     X     X     X     X  

 1.1.m     7 732 042     X       X   X     X  

 1.2.t     6 102 860       X   X     X     X  

 1.2.m     7 732 042       X     X   X     X  

                  

 1.1.t*  - 2 371 359     X     X       X   X  

 1.1.m*     1 588 633     X       X     X   X  

 1.2.t*  - 2 372 042       X   X       X   X  

 1.2.m*     1 587 950       X     X     X   X  

*no constant % of glass in landfill 

 

Table 5.4: Optimized scenarios analysis 

Scenario   NPV  

 O
p

ti
m

iz
e
d

  

Free 
TMBr   

Total 
TMBr   

 18 
TMBs 

 9 
TMBs  

 % glass 
constant  

 % glass 
decreases*  

with 
α 

without 
α 

 2.1.t     3 592 080     X     X     X     X    

 2.1.m     3 590 985     X       X   X     X    

 2.2.t  -  3 656 709       X   X     X     X    

 2.2.m  -     107 608       X     X   X     X    

                    

 2.1.t*  -     436 810     X     X       X   X    

 2.1.m*  -     436 810     X       X     X   X    

 2.1.t**  -  1 129 926     X     X     X      X 

 2.1.m**  -  1 129 926     X       X   X      X 

*no constant % of glass in landfill, ** without α 
__________________________________________________________________________________________

Since the centralized system analysis cannot be 
dissociated from the business model study, it is 
difficult to compare the decentralized system 
with the optimized one. The fairest way to 
compare these two fixed point scenarios is by 
assuming the same conditions and values, in 
this case the return value for the recovered 
glass and the external landfill costs. For this 
reason, within the best optimized scenario, 
2.1.t, four variations were analysed, as seen in 

figure 5.5: A, B, C and D. These variations 
include, in the optimized scenario 2.1.t., values 
used in the decentralized scenario, such as the 
external landfill at 8 €/ton and the return value 
of glass at 71 €/ton, so that the only difference 
between the scenarios is, in fact, the logistics 
system, not the values used. It is also known 
that these values cannot be applied if the project 
is managed by an external entity. 
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Figure 5.5: Optimized scenarios under the 
conditions of decentralized business model 

Table 5.6 confirms that all scenarios with α and 
all scenarios with constant percentage of glass 
present are the most interesting ones, but 
mainly, that the optimized scenario will have a 
higher NPV in comparison to the decentralized 
systems, if we can take advantage of the same 
parameter values for both scenarios. 
  

Table 5.6: Analysis of Optimized scenarios under 
the conditions of decentralized business model 

Scenario NPV 
Free 
TMBr 

18 
TMB 

% glass 
constant 

% glass 
decreases 

α 
no 
α 

A 12 685 555 X X X  X  

B 7 493 294 X X X   X 

C 5 331 212 X X  X X  

D 2 216 653 X X  X  X 

 
Apart from the NPV, the model will return 

information regarding which facilities the model 

choses to open, with how many diagrams, and 

which TMBs will send their product to be 

processed. As the most realistic scenarios were 

scenarios C and D, and these scenarios have, 

respectively, a more optimistic and a more 

pessimistic outlook, sensitivity analyses were 

performed on both, to test their feasibility 

against likely changes in the parameters in the 

future. 

6. Sensitivity Analysis 
It is clear the decentralized system has access 
to more advantageous values than the 
optimized scenario, however, the outcomes 
change when we compare the scenarios using 
the same business model. The most realistic 
scenarios, C and D, both proved to be 
financially viable. Sensitivity analysis was 
performed on the 4 parameters that most 
impact the NPV and also that are the most likely 
to change: return value per ton of glass 
recovered, external landfill cost, internal landfill 
cost and effectiveness of the RecGlass 
diagram. Table 6.1 shows the initial values of 
the parameters that were varied, keeping 
everything else unchanged. 
 

Table 6.1: Initial values of the parameters  

Parameters under analysis Original Value 

Recovered glass value 71 €/ton 

Cost of internal landfill 8 €/ton 

Cost of external landfill 8 €/ton 

RecGlass efficiency 80% 

 
The figures 6.2 and 6.4 show the impact of the 
variation of the cost of external landfill in the 
NPV of scenario D, as well as the impact on the  
amount of total recovered glass (P), during the 
10 years of the analysis. 

 

 
Figure 6.2: NPV in function of cost of external 

landfill, for D 

 
Figure 6.3: NPV in function of the value for 

recovered glass for D 

In conclusion, the analysis of the two fixed point 
scenarios makes it clear that the ideal scenario 
would be an optimized scenario, where 
processing facilities are legally within the 
authority of the TMBs, in which case they can 
take advantage of considerably low landfill 
costs and receive a value of return on glass 
recovered through municipal waste 
management entities that is much higher than 
the value that would be achieved if this glass 
were sold to recyclers as if the premises were a 
private business. If the system belongs to an 
external entity, the economic potential is 
reduced to less than half. Thus, the 

Fixed 
System

Decentralized

Otimized

2.1.t

A = 2.1.t

B = 2.1.t 
without α

C = 2.1.t  
with % glass 
decreasing  

D = 2.1.t 
without α

and % glass 
decreasing  

Other 
scenarios

 8  12 12.50
0585

 16  46

 P 128 38 102 22 102 22 37 436 0

VAL (€) 2 216 223 17 0 -482 00 -1 129

-1,5
-1,0
-0,5
0,0
0,5
1,0
1,5
2,0
2,5

M
ill

io
n

s 
(€

)

D - NPV (VAL) in function of cost of external 
landfill

(ton)

 40 47.960
3

 50  60  71

 P 34 133 102 221 102 221 102 221 128 381

VAL (€) -302 525 0 177 638 1 048 5 2 216 6

-0,5
0,0
0,5
1,0
1,5
2,0
2,5

M
ill

io
n

s 
(€

)

D - NPV (VAL) in function of the value for glass

(ton) 
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implementation of this project cannot be studied 
without studying in parallel the business model 
to be adopted and the legal limitations that may 
exist. Beyond the business model, it is 
imperative that TMBs are able to store, dry and 
separate the desired particle size of the product 
(TMBr). For some TMBs, this may involve 
changing the equipment used and this 
investment would have to be considered. The 
simulations performed on the various scenarios 
also made it clear that it is always more 
advantageous to let the model choose, that is, 
to let the amount of TMBr to be processed 
always free and to consider all the 18 TMBs. Of 
course, all scenarios including α, meaning, 
where the TMBs can properly separate the 
desired particle size, will be most economically 
advantageous, and the same happens if the 
percentage of glass in the heavy reject remains 
constant throughout the years. In conclusion, 
the most sensitive variables that determine the 
success or economic failure of the project are 
the return value of landfill reclaimed glass, 
internal and external landfill costs, and the 
amount of glass present in the TMBr. Still, the 
optimized scenario, provided it falls under the 
scope of a TMB, proved to be financially 
feasible in the face of the most likely changes in 
the determining values. 

The presented model (classified as a 
mixed integer linear programming model 
(MILP)) was implemented in GAMS and solved 
using CPLEX (version 27.3.0), with a processor 
Intel® Core™ i7-5500U CPU, 2.40 GHz, in 
operating system 64bit/MS Window. All 
simulations were the optimal for the problem, 
and it was always used a gap of 0%. Since all 
simulations had a very short execution time 
[0,125;0,406] seconds, and utilized little 
computational memory, there was no need for 
heuristics to be applied for this problem. 

7. Conclusions 
Ideologically, the recovery of landfill packaging 
glass is advantageous in any scenario. Whether 
for ecological reasons, for the sake of meeting 
certain targets, for allowing for an increase in 
the quality of the organic compost produced in 
the TMBs, and so on. The challenge was to 
come up with a logistics design solution for the 
implementation of the RecGlass diagram in 
Portugal, with reasonable costs, because the 
only real obstacle to the recovery of this glass is 
the extra cost that entails. Until the submission 
of this paper, no reference was found that 
addressed this topic in this way or a case that 
had the same constraints as this case presents, 
so there is the opportunity to leave something 
different here that may inspire future projects in 
the area. What this paper delivers, more than a 

compilation of economic, legal and social 
limitations regarding the possibility of 
recovering glass from the heavy rejects of 
biological mechanical treatment units in 
mainland Portugal, is the mathematical model. 
A unique model, built to be simple to use and to 
perform sensitivity analysis, designed to ensure 
that all future updated information and new 
constraints can be easily inserted into the 
model. For this project it is necessary to 
consider all the constraints and opportunities, 
without forgetting that the environmental 
benefits of certain measures, not considered in 
this study, will go far beyond their economic 
aspect. Of the two types of system studied, 
mobile and fixed, the fixed system has proved 
to be the most interesting in the current context. 
The mobile system at this time does not have 
sufficient processing capacity to be 
implemented in Portugal, which does not mean 
that in the future, if the amount of TMBr 
decreases due to selective collection policies, 
this mobile unit may not prove itself to be 
advantageous in certain areas of the country, 
particularly in the South. With respect to the 
fixed-point system, it is clear that the best 
system will be the optimized one, assuming that 
some of the constraints are possible to satisfy. 
The economic viability of this system is highly 
dependent on the collaboration of all entities. 
From TMBs, which have to separate their 
product and ensure that it is dry enough to be 
transported and processed; recyclers, who 
have to commit to recognizing the quality and 
potential of this product, and must facilitate its 
entry into the market; to the responsible legal 
entities, which should encourage the collection 
of this product. At the market level, recyclers of 
this product should be encouraged to prioritize 
the recovered Portuguese glass and be 
receptive to receiving glass with a particle size 
beyond the current range, where all material 
below 10 mm is discarded, which means a huge 
waste since glass tends to break down during 
the separation and transport processes, and it 
often becomes concentrated in the low particle 
sizes. Separate collection glass goes through 
fewer separation processes, so it breaks less 
and can be maintained at higher grain sizes, 
easier to separate according to current 
processes used (such as optical sorting and 
ballistic separation) and is, therefore, more 
desirable by the recyclers, besides being less 
contaminated. However, there are recyclers 
outside Portugal that reduce the glass into dust, 
so are willing to accept any kind of glass size. 
There are some changes in the legal waste 
management landscape that could leverage the 
viability of this project, such as implementing a 
higher own landfill cost on each TMB, so that 
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they would be more encouraged to recover 
material from the landfill. The priority is to 
ensure that, in terms of business model, it is 
possible to include this project under a TMB, or 
similar entity, so that the same collection values 
of recovered glass and lower external landfill 
costs can be enjoyed. If this is not possible, 
analysis of results and sensitivity has proved 
extremely difficult to make this project viable. 
Another important issue to consider is that the 
long-term objective is to invest heavily in 
selective collection, including door-to-door 
collection actions, so that TMs cease to exist 
and only TMBs remain, with sole purpose of 
tuning the organic compound. In this sense, by 
2024 there will already be selective collection of 
organics (a measure for which some TMBs in 
the country have been prepared since 2008). 
These are future goals set, which does not 
mean that they will actually be met, or at least 
on the estimated dates, but it is something to be 
clarified and taken into consideration as it 
proves that the percentage of glass will reduce 
in landfill. Although some sensitivity scenarios 
have already considered these changes, it is 
important to note that the scenarios were 
always performed assuming that 100% of the 
recovered product was sold, and this may not 
be true, so they were optimistic scenarios. This 
study points that this project may reveal itself 
quite interesting, if the right conditions are met. 
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