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Abstract 

Waste management can be considered as a strategic supply chain problem as it involves the 

waste generation, collection, separation, transportation, treatment, distribution, and disposal. 

This paper presents a mixed integer linear programming model for the coordination of tactical 

and operational decisions in waste supply chain networks including the logistics, production, 

and distribution. The model aims at maximizing the profit of the entire supply chain while 

satisfying the demand, production, transportation, and inventory constraints imposed by 

different entities of the network. A case study is selected to test the effectiveness and efficiency 

of the proposed model. Such an integrated network contributes to the maximum utilization of 

recyclable waste including paper, plastic, glass, and metal processed by recycling plants, and 

non-recyclable waste treated in waste to energy plants. Sensitivity analyses are performed to 

investigate how changing parameters including the time periods and products’ prices affect the 

supply chain performance. 

Keywords: municipal solid waste, waste management, recycling, waste to energy, integrated 

supply chain, mixed integer linear programming. 

1. Introduction 

Municipal solid waste (MSW) contains various types of waste (mixed municipal waste, sorted 

waste, waste from public areas, and hazardous waste) collected from residential, institutional, 

industrial, commercial, demolition, land clearing or construction sources (The Government of 

British Columbia, 2018) through several ways of collection including house-to-house, 
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community bins, curbside pick-up, self-delivered, and contracted or delegated service 

(Hoornweg and Bhada-Tata, 2012). It is one form of the manifestation of unsustainable 

consumption of natural resources by human societies, which has resulted in, and continues to 

contribute to, the environmental degradation and worsening the natural capital. Undeniably, 

the generation of MSW is increasing throughout the world due to the rapid population and 

economic growth, and change in lifestyle behaviors and consumption patterns.  

Management of the MSW is one of the most important services a city provides and is a big 

challenge for authorities of municipalities. Uncontrolled or inappropriate management of 

MSW leads to serious problems including human health damage, harm to ecosystems, loss of 

biodiversity, and water, soil and air pollutions, as well as negative economic and social 

consequences (Ejaz et al., 2010; Sisto al., 2017). The waste management hierarchy includes 

various options for managing the physical waste. It ranks options from the most to least 

preferred option as: 1) waste avoidance and minimization, 2) reuse, 3) recycling, 4) energy 

recovery, and 5) disposal. Among all MSW management strategies, waste treatment has 

become the main worldwide concern because of its influence on economic growth, in addition 

to the protection of the environment and human health (Soltani et al., 2015).  

However, little evidence is available regarding the efficient implementation and social adoption 

of the eco-friendly strategies of MSW management such as recycling and composting. 

Inevitably, environmental experts have come to the conclusion that the goals set for the waste 

consumption rate may never be attained without energy recovery (Tolis et al., 2010; Özdenkçi 

et al., 2017). Waste to energy (WtE) has become a viable option for many countries as an 

effective waste management solution (Yap and Nixon, 2015). WtE can solve the dilemma of 

increasing energy demand and provide the valuable energy in forms of electricity and heat, in 

addition to reducing the burden on the land required for waste disposal and diminishing the 

waste volume. It also reduces the carbon dioxide emissions compared to power plants using 

non-renewable resources, and produces less greenhouse gas emissions (such as methane) 

compared to landfilling (Pan et al., 2015; Kovačić et al., 2017). 

The MSW management can be considered as a strategic supply chain (SC) problem as it 

involves the waste generation, collection, separation, distribution, processing, and disposal. It 

is essential to consider the whole SC when a waste management system is taken into account 

(Sabbas et al., 2003), as the efficiency of the MSW management can be enhanced by adopting 

proper SC management techniques (Wan Ahmad et al., 2016). According to Cooper et al. 

(1997), the sustainable superior performance as the long-term strategy of a manufacturing 

corporation highly depends on its capability to become an entirely integrated partner within the 
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SC context. Such SC strategy focuses on the integration of the internal and external processes 

of the organization across the chain in order to better serve the customers while improving the 

performance of each member of the SC network (Cohen and Roussel, 2005). Waste 

management organizations are continuously looking for ways of reducing the cost and 

improving efficiency by minimizing waste within their internal and external SCs. Moreover, 

national and international regulations concerning the MSW management is growing, and 

consumers become more concerned about the protection of the environment (Hicks et al., 2004; 

Niziolek et al., 2017). All these reasons call for designing an optimal SC network for the 

management of the MSW that involves a trade-off between SC costs, depletion of waste, and 

efficient use of generated waste. 

In this regard, this study presents an MSW management problem in a multi-echelon SC 

network. The resulting optimization problem is modeled as a mixed integer linear programming 

(MILP) problem, which covers various functions such as waste collection in cities, waste 

separation in separation centers, waste processing in plants, as well as selling the end products 

to the markets. The objective of the proposed model is to find the optimal quantity of waste 

distributed among all the SC entities and amount and type of generated products distributed to 

final customers, in addition to maximizing the total net profit of the SC network subject to the 

transportation, storage and production capacity limitations imposed by separation centers, 

plants, and distribution centers. To demonstrate the flexibility and practicality of the proposed 

optimization model, it is applied to a case study in a region of Mexico. 

The rest of this paper is organized as follows: Section 2 is devoted to the literature review. In 

Section 3, the mathematical formulation of the investigated problem is presented. Section 4 

presents the data used for this study and the results are discussed in detail in Section 5. Finally, 

in Section 6, conclusions are shared.  

2. Literature review  

For the optimal planning of an MSW management system, it is crucial to consider the modern 

and integrated concept of SC. The modern SC considers the individual elements and companies 

(waste, suppliers, manufacturers, distributors, and consumers) within the organization as 

integrated units. If units are considered as separate entities, each of them may lead to 

environmental degradation. However, if they are integrated, the organization can put pressure 

on each unit to utilize more environmentally friendly materials and operations (Ho et al., 2009). 

Considering an integrated network leads to a significant reduction in total cost of the SC and 

improving the performance of individual SC members. The need for sustainable policies to 

diminish the negative effects of natural resources depletion and environment deterioration has 
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become critical for enabling the circular economy (CE). Recycling and energy recovery 

processes have different CE potentials, as waste in this context is recognized as a valued 

resource that contributes to the CE’s focus of creating the self-sustaining production systems, 

in which materials are reused over and over (Genovese et al., 2017). Some of the advantages 

of integrating the SC network into MSW management are shown in Table 1. 

Table 1: Benefits of incorporating the SC into the MSW management 
 Benefits Reference 

Smooth flow of waste among the SC 
entities 

Hicks et al., 2004; Martağan et al., 2006; Šomplák et al., 2014; Xu 
et al., 2017; Ohnishi et al., 2018. 

Balancing the vehicle loads and 
minimizing the total transportation cost 

Nuortio et al., 2006; Gomes et al., 2008; Inghels et al., 2016; 
Quddus et al., 2018. 

Balancing the inventory levels and 
reducing the total inventory cost 

Zhang et al., 2011; Paulo et al., 2013; Zhang et al., 2014; 
Santibañez-Aguilar et al., 2017. 

Better managing and reusing waste Ross and Evans, 2003; Santibañez-Aguilar et al., 2013; Galve et 
al., 2016. 

Extracting the maximum value from the 
generated waste 

Piippo et al., 2014; Klavenieks et al., 2017; Taifouris and Martín 
(2018). 

Increasing the use of renewable source of 
energy 

Cheng and Hu, 2010; Hamad et al., 2014; Kovačić et al., 2017; 
Nizami et al., 2017. 

Acquiring a better energy efficiency Ng et al., 2014; Pan et al., 2015; Watkins and McKendry, 2015; 
Marchi and Zanoni, 2017. 

Lowering the environmental impacts Arbulú et al., 2013; Santibañez-Aguilar et al., 2015; Asefi and 
Lim, 2017; Diaz-Barriga-Fernandez et al., 2017. 

Improving responsiveness and increasing 
the service level 

Andiç et al., 2012; Toso and Alem, 2014; Kadambala et al., 2017. 

Accelerating the transition towards a CE Geng et al., 2012; Su et al., 2013; Genovese et al., 2017; Saif et 
al., 2017. 

 

Based on the available literature, only a few studies have focused on the optimization of the 

MSW management systems in integrated SCs. Zhang et al. (2011) proposed an inexact reverse 

logistics model for MSW management systems in a SC network considering producers and 

distributors, which was solved by a piecewise interval programming. Zhang et al. (2014) 

proposed a model for the MSW management system focusing on waste disposal planning, 

inventory control, and distribution process, which determines how the collected waste is 

transported effectively from collection centers to waste disposal plants and remanufacturers. 

Santibañez-Aguilar et al. (2013) proposed an MILP model for the optimal planning of a SC 

associated with the MSW management systems considering economic and environmental 

criteria. It was shown that designing an efficient distribution system to reuse the MSW results 

in maximizing the net profit of the SC network. Santibañez-Aguilar et al. (2015) extended the 

model by embedding the safety aspect based on the total societal risk in order to provide 

sustainable processes. Santibañez-Aguilar et al. (2017) further developed the approach by 

considering the dynamic behavior of the waste management system and inventory levels in 

landfills and plants.  
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Diaz-Barriga-Fernandez et al. (2017) proposed a multi-objective model for the multi-

stakeholder problem, which involves various functions considered in the MSW management 

SC such as waste collection, transportation, recycling, and distribution of final products with 

the objective of maximizing the total net profit. Habibi et al. (2017) proposed a multi-objective 

robust optimization model for an MSW management system considering the economic, 

environmental, and social criteria with the aim of minimizing the total cost and greenhouse gas 

emissions, as well as the resulting visual pollution, which refers to the negative influences of 

pollution that disturbs the one’s ability to enjoy a view. Sampat et al. (2017) proposed an MILP 

formulation, which uses a general graph representation capturing dependencies between an 

arbitrary number of products, technologies, and transportation paths for multi-product SC 

networks related to waste collection and processing. From the obtained nature of the optimal 

layouts, it was found that complex trade-offs exist between investment, transportation, and 

environmental impacts.  

Taifouris and Martín (2018) developed a multi-scale SC network to evaluate the potential of 

residues including sludge, manure, lignocellulosic residues, and MSW, as well as the reactor 

size and the best location to install the processing facilities. The aim of their proposed model 

is to maximize the production of biogas and digestate and minimize the total cost. It was found 

that MSW is one of the best waste types because of its yield to digestate and availability, and 

with 100% of the annual budget, lignocellulosic residue is the second best option due to its 

higher yield to biogas. 

Mohammadi et al. (2018a,b) developed an MILP model for the optimization of a multi-echelon, 

multi-period, and multi-product waste management system. Various recycling and WtE 

technologies were used to convert plastic and mixed waste into value-added products including 

fuel, electricity, and heat. Their proposed models facilitate waste and product transferability 

across different SC entities, with the objective of minimizing the total cost of the entire SC 

network and fulfilling the demand, while not exceeding the supply, production and storage 

capacities, as well as predetermined emission limits associated with transportation, plant 

operations, and landfilling.  

Although much consideration has been devoted to developing the mathematical models for 

optimization of MSW systems, specifically in production and distribution sectors, most of these 

models have considered the partial integration of the functions in a SC network. However, from 

the perspective of minimizing the total cost of the SC, companies usually acknowledge that the 

cost of a product is not only determined with the amount of resources utilized to convert the 

raw material into a finished product, but also with the amount of resources employed to deliver 



6 

the product to the customer. Thus, concentrating only on production operations within plants 

may not be sufficient and efficient to obtain the desired levels in the production and logistics 

costs of the SC (Mohammadi, 2015).  

Generally, the combinations of essential functions associated with the integrated SC network 

have not been discussed holistically in previous studies, mainly due to the complexity of their 

integration. Accordingly, these shortcomings justify the need for developing an integrated 

mathematical model. In this paper, we consider more realistic situations in an incorporated 

approach including:  

1) waste collection and sorting  
2) waste processing for the production of useful products 
3) waste and product storage 
4) transportation between all the entities of the SC network 
5) maximum allowed input and output of transportation quantities for each SC entity 
6) production and storage capacities, and  
7) end product delivery in a dynamic environment.  

 
As a result, the flexibility of the proposed model can efficiently handle large-scale and complex 

problems, which are often challenging to model and solve mathematically. 

 
3. Mathematical model formulation 

In this paper, an optimal planning of an MSW management system in a multi-period multi-

product multi-level SC consisting of separation centers, plants, distribution centers, and 

customers is considered, as presented in Figure 1. The resulting optimization problem is 

modeled as an MILP problem. The proposed model covers waste collection in cities, separation 

of waste in separation centers, processing for recycling and energy recovery in plants, sending 

the unusable waste to landfills, as well as selling the produced products to the markets.  The 

outputs of recycling plants are recycled items, and WtE plants include final products (e.g. fuel) 

and electricity, which are then disseminated to cities through a set of established distribution 

centers. Distribution centers act as intermediate warehouses to serve downstream customers 

located in municipalities. It is assumed that WtE plants through transmission lines directly 

conduct electricity transfer to consumers in cities, and hence, no DC is considered for the 

electricity distribution.  

It should be noted that in this paper, we have not considered complex nonlinear inventory 

models, because it is assumed that the storage time for waste materials and products are 

maximum few weeks. However, it is also worth mentioning that when it comes to 

implementing a SC strategy, even small inventory management decisions such as allocating 
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safety stock to increase availability and taking into account the inventory and demand at all 

levels of the operation seemingly can have an in-depth and profound effect to the rest of the 

corporation. Finally, the proposed generic model provides a straightforward mechanism for 

analyzing the SC, generated MSW, and costs and benefits of the considered system. 

 
Figure 1: A schematic representation of an MSW management SC network 

3.1. Notation 

Indices: 
w Waste type, w∈{1, 2, …, W} 
c Waste collection center (city), c∈{1, 2, …, C} 
s Waste separation center, s∈{1, 2, …, S} 
l Landfill, l∈{1, 2, …, L} 
p Waste processing plant, p∈{1, 2, …, P} 
d Distribution center, d∈{1, 2, …, D} 
j Waste treatment technology, j∈{1, 2, … , J} 
𝑣𝑣 Vehicle type, 𝑣𝑣 ∈{1, 2, … , 𝑉𝑉} 
n Final (nf) and energy (ne) products 
nf Final product, n∈{1, 2, …, Nf} 
ne Electricity  
t Time period, t∈{1, 2, …, T} 
 
Parameters: 
𝐴𝐴𝑤𝑤𝑤𝑤𝑤𝑤 Amount of waste w collected from city c in period t (ton) 
𝐷𝐷𝑛𝑛𝑤𝑤𝑤𝑤 Demand of product n in city c in period t (ton or kWh) 
𝑃𝑃𝑛𝑛𝑤𝑤𝑤𝑤  Selling price of product n in city c in period t (€/ton or €/kWh) 
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𝐶𝐶𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑐𝑐𝑐𝑐  Collection cost of waste w in city c in period t (€/ton) 
𝐶𝐶𝑤𝑤𝑤𝑤𝑤𝑤
𝑤𝑤𝑠𝑠𝑠𝑠 Separation cost of waste w in separation center s in period t (€/ton) 

𝐶𝐶𝑤𝑤𝑐𝑐𝑤𝑤𝑐𝑐𝑙𝑙𝑛𝑛𝑙𝑙 Landfilling cost of waste w in landfill l in period t (€/ton) 
𝐶𝐶𝑤𝑤𝑠𝑠𝑤𝑤𝑤𝑤𝑤𝑤𝑠𝑠𝑤𝑤  Setup cost of technology j to process waste w in plant p in period t (€/setup) 
𝐶𝐶𝑤𝑤𝑠𝑠𝑤𝑤𝑤𝑤
𝑠𝑠𝑝𝑝𝑐𝑐𝑤𝑤  Processing cost of waste w in plant p using technology j in period t (€/ton) 

𝐶𝐶𝑤𝑤𝑤𝑤𝑤𝑤𝑖𝑖𝑛𝑛 ,𝐶𝐶𝑤𝑤𝑠𝑠𝑤𝑤𝑖𝑖𝑛𝑛  Inventory cost of waste w in separation center s; waste w in plant p in period t (€/ton) 

𝐶𝐶𝑛𝑛𝑓𝑓𝑠𝑠𝑤𝑤
𝑖𝑖𝑛𝑛 ,𝐶𝐶𝑛𝑛𝑓𝑓𝑙𝑙𝑤𝑤

𝑖𝑖𝑛𝑛  Inventory cost of final product 𝑛𝑛𝑓𝑓 in plant p; final product 𝑛𝑛𝑓𝑓 in distribution center d in 
period t (€/ton) 

𝐶𝐶𝑣𝑣
𝑓𝑓𝑖𝑖𝑓𝑓 Fixed transportation cost of vehicle type 𝑣𝑣 (€/vehicle) 

𝐶𝐶𝑣𝑣𝑣𝑣𝑙𝑙𝑝𝑝 Variable transportation cost of vehicle type 𝑣𝑣 (€/vehicle/km) 
𝐶𝐶𝑛𝑛𝑒𝑒𝑠𝑠𝑤𝑤𝑤𝑤
𝑙𝑙𝑖𝑖𝑤𝑤𝑤𝑤  Electricity distribution cost from plant p to city c in period t (€/kWh) 

𝐿𝐿𝜈𝜈  Capacity limit of vehicle type 𝑣𝑣 (yd3) 
𝑇𝑇𝐶𝐶𝑤𝑤𝑤𝑤𝑤𝑤𝑖𝑖𝑛𝑛 ,𝑇𝑇𝐶𝐶𝑤𝑤𝑤𝑤𝑤𝑤𝑐𝑐𝑜𝑜𝑤𝑤 Input and output transportation capacity for waste w in separation center s in period t 

(ton) 
𝑇𝑇𝐿𝐿𝑤𝑤𝑤𝑤𝑠𝑠𝑤𝑤𝑐𝑐𝑐𝑐𝑤𝑤 ,𝑇𝑇𝐿𝐿𝑤𝑤𝑤𝑤𝑠𝑠𝑤𝑤

𝑜𝑜𝑠𝑠  Lower and upper transportation limit for waste w from separation center s to plant p in 
period t (ton) 

𝑇𝑇𝐶𝐶𝑤𝑤𝑐𝑐𝑤𝑤𝑖𝑖𝑛𝑛  Input transportation capacity for waste w in landfill l in period t (ton) 
𝑇𝑇𝐶𝐶𝑤𝑤𝑠𝑠𝑤𝑤𝑖𝑖𝑛𝑛  Input transportation capacity for waste w in plant p in period t (ton) 
𝑇𝑇𝐶𝐶𝑛𝑛𝑓𝑓𝑠𝑠𝑤𝑤

𝑐𝑐𝑜𝑜𝑤𝑤  Output transportation capacity for product 𝑛𝑛𝑓𝑓 in plant p in period t (ton) 

𝑇𝑇𝐿𝐿𝑛𝑛𝑓𝑓𝑠𝑠𝑙𝑙𝑤𝑤
𝑐𝑐𝑐𝑐𝑤𝑤 ,𝑇𝑇𝐿𝐿𝑛𝑛𝑓𝑓𝑠𝑠𝑙𝑙𝑤𝑤

𝑜𝑜𝑠𝑠  Lower and upper transportation limit for final product nf from plant p to distribution 
center d in period t (ton) 

𝑇𝑇𝐶𝐶𝑛𝑛𝑓𝑓𝑙𝑙𝑤𝑤
𝑖𝑖𝑛𝑛  Input transportation capacity for final product nf in distribution center d in period t (ton) 

𝑇𝑇𝐶𝐶𝑛𝑛𝑓𝑓𝑙𝑙𝑤𝑤
𝑐𝑐𝑐𝑐𝑤𝑤 ,𝑇𝑇𝐶𝐶𝑛𝑛𝑓𝑓𝑙𝑙𝑤𝑤

𝑜𝑜𝑠𝑠  Lower an upper bound on output transportation capacity for final product nf in 
distribution center d in period t (ton) 

𝐶𝐶𝐿𝐿𝑤𝑤𝑠𝑠𝑤𝑤𝑐𝑐𝑐𝑐𝑤𝑤 ,𝐶𝐶𝐿𝐿𝑤𝑤𝑠𝑠𝑤𝑤
𝑜𝑜𝑠𝑠  Lower and upper capacity limit of technology j to process waste w in plant p in period t 

(ton) 
𝑇𝑇𝑤𝑤𝑠𝑠𝑤𝑤𝑤𝑤𝑠𝑠𝑤𝑤  Setup time to prepare technology j for processing waste w in plant p (h) 
𝑇𝑇𝑤𝑤𝑠𝑠𝑤𝑤
𝑠𝑠𝑝𝑝𝑐𝑐𝑤𝑤  Production time to process waste w in plant p using technology j (h/ton) 

𝑇𝑇𝑠𝑠𝑤𝑤𝑤𝑤  Total available time of plant p for using technology j in period t (h) 
𝐷𝐷𝑤𝑤𝑤𝑤𝐶𝐶𝐶𝐶 ,𝐷𝐷𝑤𝑤𝑐𝑐𝐶𝐶𝑆𝑆, 𝐷𝐷𝑤𝑤𝑠𝑠𝐶𝐶𝑆𝑆 ,𝐷𝐷𝑠𝑠𝑙𝑙𝑆𝑆𝑃𝑃 ,𝐷𝐷𝑙𝑙𝑤𝑤𝑃𝑃𝐶𝐶  Distance from collection center c to separation center s; from separation center s to 

landfill l; from separation center s to plant p; from plant p to distribution center d; from 
distribution center d to city c (km) 

𝑆𝑆𝑤𝑤𝑤𝑤 ,𝑆𝑆𝑤𝑤𝑠𝑠,𝑆𝑆𝑛𝑛𝑓𝑓𝑠𝑠,𝑆𝑆𝑛𝑛𝑓𝑓𝑙𝑙 Storage capacity for waste w in separation center s, waste w in plant p, product 𝑛𝑛𝑓𝑓 in 
plant p, product 𝑛𝑛𝑓𝑓 in distribution center d (ton) 

𝑈𝑈𝑤𝑤𝑤𝑤, 𝑈𝑈𝑤𝑤𝑠𝑠 ,𝑈𝑈𝑛𝑛𝑓𝑓𝑠𝑠, 𝑈𝑈𝑛𝑛𝑓𝑓𝑙𝑙 Initial inventory level of waste w in separation center s; waste w in plant p; product 𝑛𝑛𝑓𝑓 in 
plant p; product 𝑛𝑛𝑓𝑓 in distribution center d (ton) 

𝛼𝛼𝑤𝑤𝑤𝑤 Separation factor for waste w in separation center s (%) 
βwnj Conversion factor of waste w to produce product n (final and electricity) by technology j 

(%) 
𝛿𝛿𝑠𝑠𝑤𝑤𝑤𝑤 Performance percentage of available time in plant p for technology j in period t (%) 
𝛾𝛾𝑤𝑤 Volume of waste type w (yd3/ton) 
𝛾𝛾𝑛𝑛𝑓𝑓 Volume of product 𝑛𝑛𝑓𝑓 (yd3/ton) 
Positive variables: 
𝑞𝑞𝑤𝑤𝑤𝑤𝑤𝑤𝑣𝑣𝑤𝑤 Quantity of waste w distributed from city c to separation center s by vehicle type v in 

period t (ton) 
𝑞𝑞𝑤𝑤𝑤𝑤𝑠𝑠𝑣𝑣𝑤𝑤  Quantity of waste w distributed from separation center s to plant p by vehicle type v in 

period t  (ton) 
𝑞𝑞𝑤𝑤𝑤𝑤𝑐𝑐𝑣𝑣𝑤𝑤  Quantity of waste w distributed from separation center s to landfill l by vehicle type v in 

period t (ton) 
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𝑞𝑞𝑤𝑤𝑠𝑠𝑤𝑤𝑤𝑤 Quantity of waste w distributed from plant p to technology j in period t (ton) 
𝑞𝑞𝑛𝑛𝑓𝑓𝑠𝑠𝑙𝑙𝑣𝑣𝑤𝑤 Quantity of product 𝑛𝑛𝑓𝑓 distributed from plant p to distribution center d by vehicle type v 

in period t (ton) 
𝑞𝑞𝑛𝑛𝑓𝑓𝑙𝑙𝑤𝑤𝑣𝑣𝑤𝑤 Quantity of product 𝑛𝑛𝑓𝑓distributed from distribution center d to city c by vehicle type v 

in period t (ton) 
𝑞𝑞𝑛𝑛𝑒𝑒𝑠𝑠𝑤𝑤𝑤𝑤 Quantity of electricity 𝑛𝑛𝑠𝑠 distributed from plant p to city c in period t (kWh) 
𝑞𝑞𝑤𝑤𝑤𝑤𝑤𝑤𝑖𝑖𝑛𝑛  Quantity of waste w transferred to separation center s in period t (ton) 
𝑞𝑞𝑤𝑤𝑤𝑤𝑤𝑤
𝑤𝑤𝑠𝑠𝑠𝑠 Quantity of separated waste w in separation center s in period t (ton)   
𝑞𝑞𝑤𝑤𝑐𝑐𝑤𝑤 Quantity of waste w inlet to landfill l in period t (ton) 
𝑞𝑞𝑤𝑤𝑠𝑠𝑤𝑤 Quantity of waste w transported to plant p in period t (ton) 
𝑞𝑞𝑛𝑛𝑠𝑠𝑤𝑤 Quantity of product n produced in plant p in period t (ton or kWh) 
𝑞𝑞𝑛𝑛𝑓𝑓𝑠𝑠𝑤𝑤 Quantity of product 𝑛𝑛𝑓𝑓 produced in plant p in period t (ton) 
𝑞𝑞𝑛𝑛𝑒𝑒𝑠𝑠𝑤𝑤 Quantity of electricity 𝑛𝑛𝑠𝑠 produced in plant p in period t (kWh) 
𝑞𝑞𝑛𝑛𝑓𝑓𝑙𝑙𝑤𝑤 Quantity of product 𝑛𝑛𝑓𝑓 sent to distribution center d in period t (ton) 
𝑞𝑞𝑛𝑛𝑤𝑤𝑤𝑤 Quantity of product 𝑛𝑛 shipped to city c in period t (ton or kWh) 
𝑞𝑞𝑛𝑛𝑓𝑓𝑤𝑤𝑤𝑤 Quantity of product 𝑛𝑛𝑓𝑓shipped to city c in period t (ton) 
𝑞𝑞𝑛𝑛𝑒𝑒𝑤𝑤𝑤𝑤 Quantity of electricity 𝑛𝑛𝑠𝑠distributed to city c in period t (kWh) 
𝑖𝑖𝑤𝑤𝑤𝑤𝑤𝑤 , 𝑖𝑖𝑤𝑤𝑠𝑠𝑤𝑤 , 𝑖𝑖𝑛𝑛𝑓𝑓𝑠𝑠𝑤𝑤 , 𝑖𝑖𝑛𝑛𝑓𝑓𝑙𝑙𝑤𝑤 Inventory level of waste w stored in separation center s; waste w stored in plant p; product 

𝑛𝑛𝑓𝑓 stored in plant p; product 𝑛𝑛𝑓𝑓 stored in distribution center d in period t (ton) 
Integer variables 
𝑦𝑦𝑤𝑤𝑤𝑤𝑣𝑣𝑤𝑤 ,𝑦𝑦𝑤𝑤𝑠𝑠𝑣𝑣𝑤𝑤 ,𝑦𝑦𝑤𝑤𝑐𝑐𝑣𝑣𝑤𝑤 ,𝑦𝑦𝑠𝑠𝑙𝑙𝑣𝑣𝑤𝑤 , 
𝑦𝑦𝑙𝑙𝑤𝑤𝑣𝑣𝑤𝑤 

 Number of vehicle type 𝑣𝑣 required for transportation from collection center c to 
separation center s; from separation center s to plant p; from separation center s to landfill 
l; from plant p to distribution center d; from distribution center d to city c in period t 

Binary variables 
𝑧𝑧𝑤𝑤𝑤𝑤𝑠𝑠𝑤𝑤𝑤𝑤𝑝𝑝𝑙𝑙𝑛𝑛  Equals one when waste w is transferred from separation center s to plant p in period t; 

otherwise zero 
𝑧𝑧𝑛𝑛𝑓𝑓𝑠𝑠𝑙𝑙𝑤𝑤
𝑙𝑙𝑖𝑖𝑤𝑤𝑤𝑤  Equals one when product 𝑛𝑛𝑓𝑓 is distributed from plant p to distribution center d in period 

t; otherwise zero 
𝑧𝑧𝑤𝑤𝑠𝑠𝑤𝑤𝑤𝑤𝑤𝑤𝑠𝑠𝑛𝑛𝑙𝑙 Equals one when waste w in plant p is sent to technology j in period t; otherwise zero 
𝑧𝑧𝑤𝑤𝑠𝑠𝑤𝑤𝑤𝑤𝑤𝑤𝑠𝑠𝑤𝑤  Equals one when there is a setup for waste w to be processed by technology j in plant p 

in period t; Otherwise zero 
 
3.2. Cost function 

The objective function of the proposed problem is shown in Eq. (1), where the revenue from 

sale is maximized from which the total cost of the entire SC network is deducted. The first term 

in Eq. (1) expresses the total income over the planning horizon, which is obtained from the sale 

of final products (𝑛𝑛𝑓𝑓) and electricity (𝑛𝑛𝑠𝑠). It is assumed that responsibility for managing the 

MSW belongs to local authorities, in which they organize the collection and disposal of 

household waste, and carry out the waste management tasks themselves. Therefore, due to the 

considered ownership of the waste SC by the local authorities, we have not specifically 

considered waste buyers and waste suppliers, and thus, separation centers do not make any 

profit through sending waste to the production facilities. The second term in Eq. (1) shows the 

total waste collection cost. The third term shows the total waste separation cost. Inventory cost 

of waste in separation centers is shown in the fourth term. The disposal cost is indicated in the 
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fifth term. Thereafter, the setup cost incurred by setting up or changing the equipment or 

altering the production line for manufacturing a different product, and production cost for 

converting waste to useable products are expressed. It is followed by the inventory costs of 

waste and finished items in plants, and final products in distribution centers. Finally, the 

transportation costs between the collection centers and separation centers, from separation 

centers to landfills and plants, from plants to distribution centers, and from distribution centers 

to cities are shown. The transportation cost depends on the associated fixed and variable costs 

of vehicles. The movement of a vehicle incurs a fixed cost associated with vehicle’s 

depreciation and insurance, and driver wages. The variable transportation cost relates to the 

transported item, its quantity, and the path taken for each route traveled. Note that for 

contracted transportation the pricing model can be significantly different, e.g. containing no 

fixed costs. The electricity transfer cost is simply calculated by the amount of energy 

transferred (kWh) and per unit transfer cost.   

𝑀𝑀𝑀𝑀𝑀𝑀 𝑓𝑓 = � ��𝑃𝑃𝑛𝑛𝑤𝑤𝑤𝑤
𝑤𝑤𝑤𝑤𝑛𝑛∈�𝑛𝑛𝑓𝑓,𝑛𝑛𝑒𝑒�

⋅ 𝑞𝑞𝑛𝑛𝑤𝑤𝑤𝑤 −  ����𝐶𝐶𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑐𝑐𝑐𝑐 ⋅ 𝐴𝐴𝑤𝑤𝑤𝑤𝑤𝑤
𝑤𝑤𝑤𝑤𝑤𝑤

+���𝐶𝐶𝑤𝑤𝑤𝑤𝑤𝑤
𝑤𝑤𝑠𝑠𝑠𝑠

𝑤𝑤𝑤𝑤

⋅
𝑤𝑤

𝑞𝑞𝑤𝑤𝑤𝑤𝑤𝑤𝑖𝑖𝑛𝑛  

+���𝐶𝐶𝑤𝑤𝑤𝑤𝑤𝑤𝑖𝑖𝑛𝑛 ⋅
𝑤𝑤𝑤𝑤𝑤𝑤

𝑖𝑖𝑤𝑤𝑤𝑤𝑤𝑤 + ���𝐶𝐶𝑤𝑤𝑐𝑐𝑤𝑤𝑐𝑐𝑙𝑙𝑛𝑛𝑙𝑙

𝑤𝑤𝑐𝑐𝑤𝑤

⋅ 𝑞𝑞𝑤𝑤𝑐𝑐𝑤𝑤 +����𝐶𝐶𝑤𝑤𝑠𝑠𝑤𝑤𝑤𝑤𝑤𝑤𝑠𝑠𝑤𝑤 ⋅ 𝑧𝑧𝑤𝑤𝑠𝑠𝑤𝑤𝑤𝑤𝑤𝑤𝑠𝑠𝑤𝑤

𝑤𝑤𝑤𝑤𝑠𝑠𝑤𝑤

 

+����  𝐶𝐶𝑤𝑤𝑠𝑠𝑤𝑤𝑤𝑤
𝑠𝑠𝑝𝑝𝑐𝑐𝑤𝑤

𝑤𝑤𝑤𝑤𝑠𝑠𝑤𝑤

⋅ 𝑞𝑞𝑤𝑤𝑠𝑠𝑤𝑤𝑤𝑤 +���𝐶𝐶𝑤𝑤𝑠𝑠𝑤𝑤𝑖𝑖𝑛𝑛 ⋅
𝑤𝑤𝑠𝑠𝑤𝑤

𝑖𝑖𝑤𝑤𝑠𝑠𝑤𝑤 +���  𝐶𝐶𝑛𝑛𝑓𝑓𝑠𝑠𝑤𝑤
𝑖𝑖𝑛𝑛 ⋅

𝑤𝑤𝑠𝑠𝑛𝑛𝑓𝑓
𝑖𝑖𝑛𝑛𝑓𝑓𝑠𝑠𝑤𝑤 

+���𝐶𝐶𝑛𝑛𝑓𝑓𝑙𝑙𝑤𝑤
𝑖𝑖𝑛𝑛 ⋅ 𝑖𝑖𝑛𝑛𝑓𝑓𝑙𝑙𝑤𝑤

𝑤𝑤𝑙𝑙𝑛𝑛𝑓𝑓
+����(𝐶𝐶𝑣𝑣

𝑓𝑓𝑖𝑖𝑓𝑓 ⋅ 𝑦𝑦𝑤𝑤𝑤𝑤𝑣𝑣𝑤𝑤 + 𝐶𝐶𝑣𝑣𝑣𝑣𝑙𝑙𝑝𝑝 ⋅ 𝐷𝐷𝑤𝑤𝑤𝑤𝐶𝐶𝐶𝐶 ⋅
𝑤𝑤𝑣𝑣𝑤𝑤

𝑦𝑦𝑤𝑤𝑤𝑤𝑣𝑣𝑤𝑤)
𝑤𝑤

 

+����(𝐶𝐶𝑣𝑣
𝑓𝑓𝑖𝑖𝑓𝑓 ⋅ 𝑦𝑦𝑤𝑤𝑐𝑐𝑣𝑣𝑤𝑤 + 𝐶𝐶𝑣𝑣𝑣𝑣𝑙𝑙𝑝𝑝 ⋅ 𝐷𝐷𝑤𝑤𝑐𝑐𝐶𝐶𝑆𝑆 ⋅

𝑤𝑤𝑣𝑣𝑐𝑐

𝑦𝑦𝑤𝑤𝑐𝑐𝑣𝑣𝑤𝑤)
𝑤𝑤

+����(𝐶𝐶𝑣𝑣
𝑓𝑓𝑖𝑖𝑓𝑓 ⋅  𝑦𝑦𝑤𝑤𝑠𝑠𝑣𝑣𝑤𝑤 + 𝐶𝐶𝑣𝑣𝑣𝑣𝑙𝑙𝑝𝑝 ⋅ 𝐷𝐷𝑤𝑤𝑠𝑠𝐶𝐶𝑆𝑆 ⋅

𝑤𝑤𝑣𝑣𝑠𝑠

𝑦𝑦𝑤𝑤𝑠𝑠𝑣𝑣𝑤𝑤)
𝑤𝑤

 

+����(𝐶𝐶𝑣𝑣
𝑓𝑓𝑖𝑖𝑓𝑓 ⋅ 𝑦𝑦𝑠𝑠𝑙𝑙𝑣𝑣𝑤𝑤 + 𝐶𝐶𝑣𝑣𝑣𝑣𝑙𝑙𝑝𝑝 ⋅ 𝐷𝐷𝑠𝑠𝑙𝑙𝑆𝑆𝑃𝑃 ⋅

𝑤𝑤𝑣𝑣𝑙𝑙

𝑦𝑦𝑠𝑠𝑙𝑙𝑣𝑣𝑤𝑤)
𝑠𝑠

+����(𝐶𝐶𝜈𝜈
𝑓𝑓𝑖𝑖𝑓𝑓 ⋅ 𝑦𝑦𝑙𝑙𝑤𝑤𝑣𝑣𝑤𝑤 + 𝐶𝐶𝜈𝜈𝑣𝑣𝑙𝑙𝑝𝑝 ⋅ 𝐷𝐷𝑙𝑙𝑤𝑤𝑃𝑃𝐶𝐶 ⋅

𝑤𝑤𝑣𝑣𝑤𝑤

𝑦𝑦𝑙𝑙𝑤𝑤𝑣𝑣𝑤𝑤)
𝑙𝑙

 

+����𝐶𝐶𝑛𝑛𝑒𝑒𝑠𝑠𝑤𝑤𝑤𝑤
𝑙𝑙𝑖𝑖𝑤𝑤𝑤𝑤 ⋅ 𝑞𝑞𝑛𝑛𝑒𝑒𝑠𝑠𝑤𝑤𝑤𝑤

𝑤𝑤𝑤𝑤𝑠𝑠𝑛𝑛𝑒𝑒
� 

 
(1) 

 

3.3. Constraints 

i. Waste collection center: 

The cities considered as collection centers produce different types of MSW during each period. 

It should be noted that the cities are not able to store the waste because it is considered that 

inhabitants produce the waste. Therefore, the produced waste in cities is periodically 

distributed to different separation centers as given in Eq. (2). Equation (3) calculates the 

number of vehicles required for the transportation of waste from collection centers to separation 

centers considering the volume of the waste. It is assumed that all waste types are collected 

together.  



11 

𝐴𝐴𝑤𝑤𝑤𝑤𝑤𝑤 = ��𝑞𝑞𝑤𝑤𝑤𝑤𝑤𝑤𝑣𝑣𝑤𝑤
𝑣𝑣𝑤𝑤

     ∀𝑤𝑤, 𝑐𝑐, 𝑡𝑡 (2) 

𝑦𝑦𝑤𝑤𝑤𝑤𝑣𝑣𝑤𝑤 − 1 ≤
∑ (𝛾𝛾𝑤𝑤 ⋅ 𝑞𝑞𝑤𝑤𝑤𝑤𝑤𝑤𝑣𝑣𝑤𝑤)𝑤𝑤

𝐿𝐿𝑣𝑣
≤ 𝑦𝑦𝑤𝑤𝑤𝑤𝑣𝑣𝑤𝑤      ∀𝑐𝑐, 𝑠𝑠, 𝑣𝑣, 𝑡𝑡 (3) 

 

ii. Waste separation center: 

Waste separation (classification) involves sorting the waste in terms of e.g. compostable, 

recyclable, and combustible waste using a series of sorting methods and separation machines 

to achieve the full separation of the collected waste. However, the degree of classification of 

waste and separation cost vary with the location, lifestyle, season, packaging, and local 

authorities. Moreover, the nature of the collection system and types of sorting facilities affect 

the separation processes and cost. Separation cost includes the salaries of employees for 

manually sorting the waste into separate fractions, and the cost of special sorting equipment 

and methods (e.g. gravity method, volumetric method, cyclone separation method, bouncing 

separation method, magnetic separation method, etc.). Equation (4) shows the total amount of 

each waste type entering the separation center during each period, which cannot exceed the 

separation center’s maximum input transport capacity as given in Eq. (5). A given amount of 

MSW in a separation center is separated in order to be transported to the corresponding plants, 

and the remainder of the unusable waste is shipped to the landfills. Equation (6) shows the 

amount of separated waste, which is equal to the separation factor multiplied by the total waste 

shipped to the separation center during each period.  

𝑞𝑞𝑤𝑤𝑤𝑤𝑤𝑤𝑖𝑖𝑛𝑛 = ��𝑞𝑞𝑤𝑤𝑤𝑤𝑤𝑤𝑣𝑣𝑤𝑤
𝑣𝑣𝑤𝑤

     ∀𝑤𝑤, 𝑠𝑠, 𝑡𝑡 (4) 

𝑞𝑞𝑤𝑤𝑤𝑤𝑤𝑤𝑖𝑖𝑛𝑛 ≤ 𝑇𝑇𝐶𝐶𝑤𝑤𝑤𝑤𝑤𝑤𝑖𝑖𝑛𝑛      ∀𝑤𝑤, 𝑠𝑠, 𝑡𝑡 (5) 

𝑞𝑞𝑤𝑤𝑤𝑤𝑤𝑤
𝑤𝑤𝑠𝑠𝑠𝑠 = 𝛼𝛼𝑤𝑤𝑤𝑤 ⋅ 𝑞𝑞𝑤𝑤𝑤𝑤𝑤𝑤𝑖𝑖𝑛𝑛      ∀𝑤𝑤, 𝑠𝑠, 𝑡𝑡 (6) 

It is assumed that separation centers can store the separated waste, and during each period, all 

or part of separated waste can be transferred to the plants. The quantity of transferred waste 

depends on the output transportation limitations imposed by the separation center, and the input 

transportation restrictions imposed by the plants and landfills. Equation (7) computes the 

amount of waste that is transported to the landfills, which is the remaining waste from total 

received waste from which the useful waste are separated. Equation (8) shows the potential 

waste that can be transferred to the plants to be used for the production of the useful products 

during each period, which should not surpass the total amount of separated waste plus the 

previous inventory of the usable waste available in separation centers. Equation (9) indicates 
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that the total transported waste from a separation center to plants and landfills cannot surpass 

the separation center’s maximum output transport capacity. 

��𝑞𝑞𝑤𝑤𝑤𝑤𝑐𝑐𝑣𝑣𝑤𝑤
𝑣𝑣𝑐𝑐

≤ 𝑞𝑞𝑤𝑤𝑤𝑤𝑤𝑤𝑖𝑖𝑛𝑛 − 𝑞𝑞𝑤𝑤𝑤𝑤𝑤𝑤
𝑤𝑤𝑠𝑠𝑠𝑠     ∀𝑤𝑤, 𝑠𝑠, 𝑡𝑡 (7) 

��𝑞𝑞𝑤𝑤𝑤𝑤𝑠𝑠𝑣𝑣𝑤𝑤
𝑣𝑣𝑠𝑠

≤ 𝑖𝑖𝑤𝑤𝑤𝑤(𝑤𝑤−1) + 𝑞𝑞𝑤𝑤𝑤𝑤𝑤𝑤
𝑤𝑤𝑠𝑠𝑠𝑠     ∀𝑤𝑤, 𝑠𝑠, 𝑡𝑡 (8) 

��𝑞𝑞𝑤𝑤𝑤𝑤𝑐𝑐𝑣𝑣𝑤𝑤
𝑣𝑣𝑐𝑐

+ ��𝑞𝑞𝑤𝑤𝑤𝑤𝑠𝑠𝑣𝑣𝑤𝑤
𝑣𝑣𝑠𝑠

≤ 𝑇𝑇𝐶𝐶𝑤𝑤𝑤𝑤𝑤𝑤𝑐𝑐𝑜𝑜𝑤𝑤      ∀𝑤𝑤, 𝑠𝑠, 𝑡𝑡 (9) 

The initial inventory level of the waste in a separation center is given by Eq. (10). For each 

separation center, the inventory level of each type of waste during each period equals the 

amount of usable waste from the previous period, plus the waste received from collection 

centers, subtracted by the total amount of waste transported to plants and landfills, as shown 

in Eq. (11). The inventory level of the waste in a separation center cannot exceed its storage 

capacity, as given in Eq. (12). 
𝑖𝑖𝑤𝑤𝑤𝑤𝑤𝑤 = 𝑈𝑈𝑤𝑤𝑤𝑤      ∀𝑤𝑤, 𝑠𝑠, 𝑡𝑡 = 0 (10) 

𝑖𝑖𝑤𝑤𝑤𝑤𝑤𝑤 = 𝑖𝑖𝑤𝑤𝑤𝑤(𝑤𝑤−1) + 𝑞𝑞𝑤𝑤𝑤𝑤𝑤𝑤𝑖𝑖𝑛𝑛 −��𝑞𝑞𝑤𝑤𝑤𝑤𝑠𝑠𝑣𝑣𝑤𝑤
𝑣𝑣𝑠𝑠

−��𝑞𝑞𝑤𝑤𝑤𝑤𝑐𝑐𝑣𝑣𝑤𝑤
𝑣𝑣𝑐𝑐

     ∀𝑤𝑤, 𝑠𝑠, 𝑡𝑡 (11) 

𝑖𝑖𝑤𝑤𝑤𝑤𝑤𝑤 ≤ 𝑆𝑆𝑤𝑤𝑤𝑤      ∀𝑤𝑤, 𝑠𝑠, 𝑡𝑡 (12) 

Equations (13) and (14) calculate the number of vehicles used for the transportation of waste 

from waste separation centers to plants and landfills, respectively. 

𝑦𝑦𝑤𝑤𝑠𝑠𝑣𝑣𝑤𝑤 − 1 ≤
∑ (𝛾𝛾𝑤𝑤 ⋅ 𝑞𝑞𝑤𝑤𝑤𝑤𝑠𝑠𝑣𝑣𝑤𝑤𝑤𝑤 )

𝐿𝐿𝑣𝑣
≤ 𝑦𝑦𝑤𝑤𝑠𝑠𝑣𝑣𝑤𝑤      ∀𝑠𝑠, 𝑝𝑝,𝑣𝑣, 𝑡𝑡 (13) 

𝑦𝑦𝑤𝑤𝑐𝑐𝑣𝑣𝑤𝑤 − 1 ≤
∑ (𝛾𝛾𝑤𝑤 ⋅ 𝑞𝑞𝑤𝑤𝑤𝑤𝑐𝑐𝑣𝑣𝑤𝑤)𝑤𝑤

𝐿𝐿𝑣𝑣
≤ 𝑦𝑦𝑤𝑤𝑐𝑐𝑣𝑣𝑤𝑤      ∀𝑠𝑠, 𝑙𝑙, 𝑣𝑣, 𝑡𝑡 (14) 

iii. Waste transfer to landfills: 

Equations (15) and (16) show the amount of waste entering each landfill during each period 

received from all separation centers, which cannot exceed the landfill’s maximum input 

transport capacity during each period. 

𝑞𝑞𝑤𝑤𝑐𝑐𝑤𝑤 = ��𝑞𝑞𝑤𝑤𝑤𝑤𝑐𝑐𝑣𝑣𝑤𝑤
𝑣𝑣𝑤𝑤

     ∀𝑤𝑤, 𝑙𝑙, 𝑡𝑡 (15) 

𝑞𝑞𝑤𝑤𝑐𝑐𝑤𝑤 ≤ 𝑇𝑇𝐶𝐶𝑤𝑤𝑐𝑐𝑤𝑤𝑖𝑖𝑛𝑛      ∀𝑤𝑤, 𝑙𝑙, 𝑡𝑡 (16) 

iv. Waste processing in plants 

The transportation of waste and final products among all the considered entities of the SC 

network is subject to transportation capacity limitations. It is important to note that if maximum 

limits for inbound and outbound waste and products are not included, the transported amount 

could take any values from zero to a very large number, which is not realistic. Rather than 
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considering fixed transportation limits, the quantity of sending and receiving waste and 

products during each period must be between the minimum and maximum thresholds.   

Equation (17) shows the transportation limitation from each separation center to each plant. If 

binary variable 𝑧𝑧𝑤𝑤𝑤𝑤𝑠𝑠𝑤𝑤𝑤𝑤𝑝𝑝𝑙𝑙𝑛𝑛  is equal to zero, then there is no waste transportation from separation 

center to plant. These limits affect both the sender’s and receiver’s decisions, since when there 

are small volume requirements, it may not be cost-effective to carry out the shipment, or when 

the transportation quantity is more than the allowed amount, it is not feasible to proceed with 

higher amounts than the permitted quantity. Instead, an efficient inventory handling must 

compensate the possible shortcomings. Moreover, these constraints enforce an optimal and 

feasible transfer during each period. Equation (18) shows the total amount of waste entering 

each plant during each period. As shown in Eq. (19), the total transported waste from all 

separation centers to each plant cannot surpass the plant’s maximum input capacity. 

𝑇𝑇𝐿𝐿𝑤𝑤𝑤𝑤𝑠𝑠𝑤𝑤𝑐𝑐𝑐𝑐𝑤𝑤 ⋅ 𝑧𝑧𝑤𝑤𝑤𝑤𝑠𝑠𝑤𝑤𝑤𝑤𝑝𝑝𝑙𝑙𝑛𝑛  ≤�𝑞𝑞𝑤𝑤𝑤𝑤𝑠𝑠𝑣𝑣𝑤𝑤
𝑣𝑣

≤ 𝑇𝑇𝐿𝐿𝑤𝑤𝑤𝑤𝑠𝑠𝑤𝑤
𝑜𝑜𝑠𝑠 ⋅ 𝑧𝑧𝑤𝑤𝑤𝑤𝑠𝑠𝑤𝑤𝑤𝑤𝑝𝑝𝑙𝑙𝑛𝑛     ∀𝑤𝑤, 𝑠𝑠,𝑝𝑝, 𝑡𝑡 (17) 

𝑞𝑞𝑤𝑤𝑠𝑠𝑤𝑤 = ��𝑞𝑞𝑤𝑤𝑤𝑤𝑠𝑠𝑣𝑣𝑤𝑤
𝑣𝑣𝑤𝑤

     ∀𝑤𝑤,𝑝𝑝, 𝑡𝑡 (18) 

𝑞𝑞𝑤𝑤𝑠𝑠𝑤𝑤 ≤ 𝑇𝑇𝐶𝐶𝑤𝑤𝑠𝑠𝑤𝑤𝑖𝑖𝑛𝑛      ∀𝑤𝑤, 𝑝𝑝, 𝑡𝑡 (19) 

The plant processes the waste received from the separation centers to obtain value-added 

products. Hence, the waste in the plant is distributed to various processing technologies. The 

transferring amount cannot exceed the total amount of waste received in period t plus the 

available waste from the previous period as shown in Eq. (20). Equation (21) defines the 

capacity limit of technologies for processing waste during each period. 𝑧𝑧𝑤𝑤𝑠𝑠𝑤𝑤𝑤𝑤𝑤𝑤𝑠𝑠𝑛𝑛𝑙𝑙 is the binary 

variable to indicate whether waste w is sent to technology j in period t or not.   

�𝑞𝑞𝑤𝑤𝑠𝑠𝑤𝑤𝑤𝑤
𝑤𝑤

≤ 𝑖𝑖𝑤𝑤𝑠𝑠(𝑤𝑤−1) + 𝑞𝑞𝑤𝑤𝑠𝑠𝑤𝑤      ∀𝑤𝑤,𝑝𝑝, 𝑡𝑡 (20) 

𝐶𝐶𝐿𝐿𝑤𝑤𝑠𝑠𝑤𝑤𝑐𝑐𝑐𝑐𝑤𝑤 ⋅ 𝑧𝑧𝑤𝑤𝑠𝑠𝑤𝑤𝑤𝑤𝑤𝑤𝑠𝑠𝑛𝑛𝑙𝑙 ≤ 𝑞𝑞𝑤𝑤𝑠𝑠𝑤𝑤𝑤𝑤 ≤ 𝐶𝐶𝐿𝐿𝑤𝑤𝑠𝑠𝑤𝑤
𝑜𝑜𝑠𝑠 ⋅ 𝑧𝑧𝑤𝑤𝑠𝑠𝑤𝑤𝑤𝑤𝑤𝑤𝑠𝑠𝑛𝑛𝑙𝑙     ∀𝑤𝑤,𝑝𝑝, 𝑗𝑗, 𝑡𝑡 (21) 

Equation (22) shows the initial inventory level of waste in plants at the beginning of planning 

horizon. The waste inventory level in each plant at end of each period is indicated in Eq. (23), 

which is the amount of waste available from the previous period, plus the amount of waste 

received from separation centers per period, minus the treated waste. Each plant has its 

maximum waste storage capacity as shown in Eq. (24). 
𝑖𝑖𝑤𝑤𝑠𝑠𝑤𝑤 = 𝑈𝑈𝑤𝑤𝑠𝑠     ∀𝑤𝑤,𝑝𝑝, 𝑡𝑡 = 0 (22) 

𝑖𝑖𝑤𝑤𝑠𝑠𝑤𝑤 = 𝑖𝑖𝑤𝑤𝑠𝑠(𝑤𝑤−1) + 𝑞𝑞𝑤𝑤𝑠𝑠𝑤𝑤 −�𝑞𝑞𝑤𝑤𝑠𝑠𝑤𝑤𝑤𝑤
𝑤𝑤

    ∀𝑤𝑤,𝑝𝑝, 𝑡𝑡 (23) 

𝑖𝑖𝑤𝑤𝑠𝑠𝑤𝑤 ≤ 𝑆𝑆𝑤𝑤𝑠𝑠     ∀𝑤𝑤,𝑝𝑝, 𝑡𝑡 (24) 
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Equation (25) shows the time limitation for waste processing in a plant during each period. The 

overall time consumption for production and setting up the technology for processing the waste 

in each plant per period should be less than or equal to the total available time. 

�(𝑇𝑇𝑤𝑤𝑠𝑠𝑤𝑤𝑤𝑤𝑠𝑠𝑤𝑤 ⋅ 𝑧𝑧𝑤𝑤𝑠𝑠𝑤𝑤𝑤𝑤𝑤𝑤𝑠𝑠𝑤𝑤 + 𝑇𝑇𝑤𝑤𝑠𝑠𝑤𝑤
𝑠𝑠𝑝𝑝𝑐𝑐𝑤𝑤 ∙ 𝑞𝑞𝑤𝑤𝑠𝑠𝑤𝑤𝑤𝑤)

𝑤𝑤

≤ 𝑇𝑇𝑠𝑠𝑤𝑤𝑤𝑤 ⋅ 𝛿𝛿𝑠𝑠𝑤𝑤𝑤𝑤      ∀𝑝𝑝, 𝑗𝑗, 𝑡𝑡 (25) 

Equation (26) shows the amount of yielded product (final and electricity) in each plant, which 

is equal to the total waste distributed to the corresponding technologies multiplied by the waste 

to product conversion factor. After the waste is converted to final products, the products are 

distributed from processing plants to distribution centers. Equation (27) shows that the total 

amount of final products that can be delivered to all distribution centers cannot exceed the 

amount of produced products in each period plus the inventory of products from the previous 

period. In addition, it should be taken into account that a plant may have a maximum delivery 

limitation to distribution centers during each period as shown in Eq. (28). Since no electricity 

storage is available in WtE plants, the total generated electricity is transferred to cities, as 

shown in Eq. (29). 

𝑞𝑞𝑛𝑛𝑠𝑠𝑤𝑤 = ��𝛽𝛽𝑤𝑤𝑛𝑛𝑤𝑤 ⋅ 𝑞𝑞𝑤𝑤𝑠𝑠𝑤𝑤𝑤𝑤
𝑤𝑤𝑤𝑤

     ∀𝑛𝑛 ∈ {𝑛𝑛𝑓𝑓 ,𝑛𝑛𝑠𝑠},𝑝𝑝, 𝑡𝑡 (26) 

��𝑞𝑞𝑛𝑛𝑓𝑓𝑠𝑠𝑙𝑙𝑣𝑣𝑤𝑤
𝑣𝑣𝑙𝑙

≤ 𝑖𝑖𝑛𝑛𝑓𝑓𝑠𝑠(𝑤𝑤−1) + 𝑞𝑞𝑛𝑛𝑓𝑓𝑠𝑠𝑤𝑤     ∀𝑛𝑛𝑓𝑓 ,𝑝𝑝, 𝑡𝑡 (27) 

��𝑞𝑞𝑛𝑛𝑓𝑓𝑠𝑠𝑙𝑙𝑣𝑣𝑤𝑤
𝑣𝑣𝑙𝑙

≤ 𝑇𝑇𝐶𝐶𝑛𝑛𝑓𝑓𝑠𝑠𝑤𝑤
𝑐𝑐𝑜𝑜𝑤𝑤      ∀𝑛𝑛𝑓𝑓 ,𝑝𝑝, 𝑡𝑡 (28) 

�𝑞𝑞𝑛𝑛𝑒𝑒𝑠𝑠𝑤𝑤𝑤𝑤
𝑤𝑤

= 𝑞𝑞𝑛𝑛𝑒𝑒𝑠𝑠𝑤𝑤      ∀𝑛𝑛𝑠𝑠 ,𝑝𝑝, 𝑡𝑡     (29) 

 

The initial inventory level of final products in each plant is given in Eq. (30). The inventory 

level of products in plants is calculated by Eq. (31). The upper limit of inventory level for each 

type of product in plants is indicated in Eq. (32). Equation (33) computes the number of 

vehicles required for the transportation of products from plants to distribution centers.  

𝑖𝑖𝑛𝑛𝑓𝑓𝑠𝑠𝑤𝑤 = 𝑈𝑈𝑛𝑛𝑓𝑓𝑠𝑠     ∀𝑛𝑛𝑓𝑓 ,𝑝𝑝, 𝑡𝑡 = 0 (30) 

𝑖𝑖𝑛𝑛𝑓𝑓𝑠𝑠𝑤𝑤 = 𝑖𝑖𝑛𝑛𝑓𝑓𝑠𝑠(𝑤𝑤−1) + 𝑞𝑞𝑛𝑛𝑓𝑓𝑠𝑠𝑤𝑤 −��𝑞𝑞𝑛𝑛𝑓𝑓𝑠𝑠𝑙𝑙𝑣𝑣𝑤𝑤
𝑣𝑣𝑙𝑙

     ∀𝑛𝑛𝑓𝑓 ,𝑝𝑝, 𝑡𝑡 (31) 

𝑖𝑖𝑛𝑛𝑓𝑓𝑠𝑠𝑤𝑤 ≤ 𝑆𝑆𝑛𝑛𝑓𝑓𝑠𝑠     ∀𝑛𝑛𝑓𝑓 ,𝑝𝑝, 𝑡𝑡 (32) 

𝑦𝑦𝑠𝑠𝑙𝑙𝑣𝑣𝑤𝑤 − 1 ≤
∑ (𝛾𝛾𝑛𝑛𝑓𝑓 ⋅ 𝑞𝑞𝑛𝑛𝑓𝑓𝑠𝑠𝑙𝑙𝑣𝑣𝑤𝑤)𝑛𝑛𝑓𝑓

𝐿𝐿𝑣𝑣
≤ 𝑦𝑦𝑠𝑠𝑙𝑙𝑣𝑣𝑤𝑤      ∀𝑝𝑝,𝑑𝑑,𝑣𝑣, 𝑡𝑡 

    (33) 
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v. Product delivery to distribution centers: 

Equation (34) shows the restriction on the transportation quantities of products from each plant 

to a distribution center during each period. Equations (35) and (36) define the number of 

products shipped from all plants to a distribution center per period, which is limited by the 

distribution center’s receiving capacity. It is assumed that each distribution center sells and 

transfers its products to all cities. Equation (37) indicates that the total number of products 

delivered to cities cannot exceed the total amount of products shipped to the distribution center 

in the current period plus the available inventory from the previous period.  

Moreover, the total delivered products from a distribution center to cities cannot surpass the 

distribution center’s output transport capacity as shown in Eq. (38). In order to avoid 

infeasibility and make sure that adequate amount of products are shipped to the cities, the lower 

and upper bounds for the transportation quantity going out from the distribution center are 

considered. This equation is necessary because there is no bound on the transportation quantity 

of products entering a city, and not considering the bounds on the output transportation 

quantities in the distribution center may produce a solution that does not fulfill the demand 

requirements of the products.   

𝑇𝑇𝐿𝐿𝑛𝑛𝑓𝑓𝑠𝑠𝑙𝑙𝑤𝑤
𝑐𝑐𝑐𝑐𝑤𝑤 ⋅ 𝑧𝑧𝑛𝑛𝑓𝑓𝑠𝑠𝑙𝑙𝑤𝑤

𝑙𝑙𝑖𝑖𝑤𝑤𝑤𝑤 ≤�𝑞𝑞𝑛𝑛𝑓𝑓𝑠𝑠𝑙𝑙𝑣𝑣𝑤𝑤
𝑣𝑣

≤ 𝑇𝑇𝐿𝐿𝑛𝑛𝑓𝑓𝑠𝑠𝑙𝑙𝑤𝑤
𝑜𝑜𝑠𝑠 ⋅ 𝑧𝑧𝑛𝑛𝑓𝑓𝑠𝑠𝑙𝑙𝑤𝑤

𝑙𝑙𝑖𝑖𝑤𝑤𝑤𝑤     ∀𝑛𝑛𝑓𝑓 ,𝑝𝑝, 𝑑𝑑, 𝑡𝑡 (34) 

𝑞𝑞𝑛𝑛𝑓𝑓𝑙𝑙𝑤𝑤 = ��𝑞𝑞𝑛𝑛𝑓𝑓𝑠𝑠𝑙𝑙𝑣𝑣𝑤𝑤
𝑣𝑣𝑠𝑠

     ∀𝑛𝑛𝑓𝑓 ,𝑑𝑑, 𝑡𝑡 (35) 

𝑞𝑞𝑛𝑛𝑓𝑓𝑙𝑙𝑤𝑤 ≤ 𝑇𝑇𝐶𝐶𝑛𝑛𝑓𝑓𝑙𝑙𝑤𝑤
𝑖𝑖𝑛𝑛      ∀𝑛𝑛𝑓𝑓 ,𝑑𝑑, 𝑡𝑡 (36) 

��𝑞𝑞𝑛𝑛𝑓𝑓𝑙𝑙𝑤𝑤𝑣𝑣𝑤𝑤
𝑣𝑣𝑤𝑤

≤ 𝑖𝑖𝑛𝑛𝑓𝑓𝑙𝑙(𝑤𝑤−1) + 𝑞𝑞𝑛𝑛𝑓𝑓𝑙𝑙𝑤𝑤    ∀𝑛𝑛𝑓𝑓 ,𝑑𝑑, 𝑡𝑡 (37) 

𝑇𝑇𝐶𝐶𝑛𝑛𝑓𝑓𝑙𝑙𝑤𝑤
𝑐𝑐𝑐𝑐𝑤𝑤 ≤��𝑞𝑞𝑛𝑛𝑓𝑓𝑙𝑙𝑤𝑤𝑣𝑣𝑤𝑤

𝑣𝑣𝑤𝑤

≤ 𝑇𝑇𝐶𝐶𝑛𝑛𝑓𝑓𝑙𝑙𝑤𝑤
𝑜𝑜𝑠𝑠      ∀𝑛𝑛𝑓𝑓 ,𝑑𝑑, 𝑡𝑡 (38) 

The initial inventory level of products in each distribution center is given in Eq. (39). The 

inventory level of products in distribution centers is shown in Eq. (40). Equation (41) represents 

the restriction on the upper limit of inventory level in a distribution center. The number of 

vehicles required for delivering the final products from distribution centers to cities is given in 

Eq. (42).  
𝑖𝑖𝑛𝑛𝑓𝑓𝑙𝑙𝑤𝑤 = 𝑈𝑈𝑛𝑛𝑓𝑓𝑙𝑙      ∀𝑛𝑛𝑓𝑓 ,𝑑𝑑, 𝑡𝑡 = 0 (39) 

𝑖𝑖𝑛𝑛𝑓𝑓𝑙𝑙𝑤𝑤 = 𝑖𝑖𝑛𝑛𝑓𝑓𝑙𝑙(𝑤𝑤−1) + 𝑞𝑞𝑛𝑛𝑓𝑓𝑙𝑙𝑤𝑤 −��𝑞𝑞𝑛𝑛𝑓𝑓𝑙𝑙𝑤𝑤𝑣𝑣𝑤𝑤
𝑣𝑣𝑤𝑤

     ∀𝑛𝑛𝑓𝑓 ,𝑑𝑑, 𝑡𝑡 (40) 

𝑖𝑖𝑛𝑛𝑓𝑓𝑙𝑙𝑤𝑤 ≤ 𝑈𝑈𝑛𝑛𝑓𝑓𝑙𝑙      ∀𝑛𝑛𝑓𝑓 ,𝑑𝑑, 𝑡𝑡 (41) 
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𝑦𝑦𝑙𝑙𝑤𝑤𝑣𝑣𝑤𝑤 − 1 ≤
∑ (𝛾𝛾𝑛𝑛𝑓𝑓 ⋅ 𝑞𝑞𝑛𝑛𝑓𝑓𝑙𝑙𝑤𝑤𝑣𝑣𝑤𝑤)𝑛𝑛𝑓𝑓

𝐿𝐿𝑣𝑣
≤ 𝑦𝑦𝑙𝑙𝑤𝑤𝑣𝑣𝑤𝑤      ∀𝑑𝑑, 𝑐𝑐,𝑣𝑣, 𝑡𝑡     (42) 

 

vi. Products demands in cities: 

Equations (43) and (44) show the total amount of final products  and electricity distributed to 

cities during each period, which should be equal to demand as shown in Eq. (45). It is assumed 

that the demand for every type of product should be fulfilled during each period and no 

backordering (delaying fulfillment) or lost sales (no fulfillment) are allowed.  

𝑞𝑞𝑛𝑛𝑓𝑓𝑤𝑤𝑤𝑤 = ��𝑞𝑞𝑛𝑛𝑓𝑓𝑙𝑙𝑤𝑤𝑣𝑣𝑤𝑤
𝑣𝑣𝑙𝑙

     ∀𝑛𝑛𝑓𝑓 , 𝑐𝑐, 𝑡𝑡 (43) 

𝑞𝑞𝑛𝑛𝑒𝑒𝑤𝑤𝑤𝑤 = �𝑞𝑞𝑛𝑛𝑒𝑒𝑠𝑠𝑤𝑤𝑤𝑤
𝑠𝑠

     ∀𝑛𝑛𝑠𝑠 ,𝑐𝑐, 𝑡𝑡 (44) 

𝑞𝑞𝑛𝑛𝑤𝑤𝑤𝑤 = 𝐷𝐷𝑛𝑛𝑤𝑤𝑤𝑤     ∀𝑛𝑛 ∈ {𝑛𝑛𝑓𝑓 ,𝑛𝑛𝑠𝑠}, 𝑐𝑐, 𝑡𝑡 (45) 

4. A numerical example 

In this section, we illustrate the presented model through an example. In this paper, we assumed 

that the waste is placed out for collection in separate containers (e.g. plastics, metals, glasses, 

papers, and other residues) prior to bringing them to the classification centers without first 

being mixed together, which results in the reduction of the collection cost and afterward, the 

separation cost in the separation centers. The data for the annual waste production quantities, 

technologies to process the waste, conversion factors, type of produced products, and selling 

prices of products are taken from Santibañez-Aguilar et al. (2013, 2015). However, the data for 

the annual generation of waste was modified to fit the weekly planning proposed in this paper. 

The importance of the weekly production plan lies in the fact that manufacturing requirements 

of a company vary constantly, and it is difficult to maintain a steady flow of production as the 

market requirements change all the time. At this operational level, also called short-term 

planning horizon, balancing the demand and supply is fundamental. There are several functions 

that must be included in a weekly manufacturing plan such as identifying the market needs, 

determining the production capacity, establishing the strategies to produce the required number 

of products, and finding the optimum batch sizes.  

Moreover, seasonal aspects of MSW generation are embedded into the model data. It is 

assumed that the MSW generation varies cyclically over time. During summer months, due to 

the change in consumption habits caused by the hot weather and higher consumption of drinks 

and fresh food and vegetables, higher amounts of glass and plastic waste are produced, whereby 

less kitchen waste is generated. In winter, generally more solid waste such as metal and paper 
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are generated. The production amount of non-recyclable waste is assumed fixed during the 

year.  

The considered MSW system consists of five types of waste collected from five cities: 1) plastic 

waste is processed in plastic recycling plants equipped with six technologies, 2) metal waste in 

a metal recycling plant comprising a specific technology, 3) glass waste in a glass recycling 

plant with one technology, 4) paper waste is processed in a paper recycling plant having one 

specific technology, and 5) non-recyclable waste is treated in WtE plants equipped with five 

different technologies. The recycled products are then distributed to five different cities via 

five distribution centers. There are two landfills for dumping the unusable waste. The problem 

is split into weekly time periods with a total time horizon of one year to satisfy weekly 

fluctuating demands imposed by the cities.  

Table 2 shows the seasonal production of waste in the five considered cities. It can be observed 

that cities 1 and 5 produce the highest quantity of MSW during a year mainly due to the higher 

population density in those cities (the data for the population of each city can be found in 

Santibañez-Aguilar et al., 2015). The proportion of metal waste is 3.5% of the total waste in 

every city, followed by plastic waste (5.1%) and glass waste (5.8%). The paper and non-

recyclable waste constitute the highest portion of the generated waste (15.9% and 69.7%, 

respectively).  

Table 2: Seasonal waste generation in each city (ton) 

City Waste type Winter Spring Summer Fall 
1 Plastic 4,741.42 3,679.47 7,060.15 6,816.24 

Metal 5,297.23 4,460.98 2,809.88 2,700.21 
Glass 5,395.41 4,186.98 8,033.97 7,756.41 
Paper 24,264.73 20,434.18 12,871.04 12,368.69 
Non-recyclables 76,451.25 76,451.25 76,451.25 76,451.25 
Total  116,150.04 109,212.87 107,226.29 106,092.81 

2 Plastic 2,179.96 1,691.71 3,246.05 3,133.91 
Metal 2,435.51 2,051.03 1,291.90 1,241.47 
Glass 2,480.65 1,925.05 3,693.78 3,566.17 
Paper 11,156.20 9,395.03 5,917.72 5,686.76 
Non-recyclables 35,150.00 35,150.00 35,150.00 35,150.00 
Total  53,402.32 50,212.81 49,299.44 48,778.30 

3 Plastic 595.13 461.84 886.17 855.56 
Metal 664.89 559.93 352.69 338.92 
Glass 677.22 525.54 1,008.40 973.56 
Paper 3,045.64 2,564.84 1,615.54 1,552.48 
Non-recyclables 9,595.95 9,595.95 9,595.95 9,595.95 
Total  14,578.83 13,708.10 13,458.75 13,316.48 

4 Plastic 1,059.46 822.17 1,577.58 1,523.08 
Metal 1,183.66 996.80 627.86 603.36 
Glass 1,205.60 935.57 1,795.18 1,733.16 
Paper 5,421.91 4,565.98 2,876.01 2,763.76 
Non-recyclables 17,082.90 17,082.90 17,082.90 17,082.90 
Total  25,953.53 24,403.43 23,959.53 23,706.26 
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5 Plastic 5,700.60 4,423.82 8,488.42 8,195.16 
Metal 6,368.85 5,363.43 3,378.31 3,246.46 
Glass 6,486.89 5,034.00 9,659.23 9,325.53 
Paper 29,173.46 24,567.99 15,474.84 14,870.87 
Non-recyclables 91,917.25 91,917.25 91,917.25 91,917.25 
Total  139,647.06 131,306.50 128,918.05 127,555.26 

 

The details of product types, price of products, processing technologies, and conversion factors 

are shown in Table 3, which are mostly taken from Santibañez-Aguilar et al. (2013). 

Table 3: Types and prices of produced products, processing technologies, and conversion 

factors 

Waste type Product Technology Conversion factor  
(kg product/kg waste) 

Price of product 
(€/kg) 

Plastic Nanotubes with diameters 
140 (I1) 

Technology for nanotubes 0.150 90.00 

Nanotubes with diameters 
160 (I2) 

Technology for nanotubes 0.415 80.00 

Nanotubes with diameters 
252 (I3) 

Technology for nanotubes 0.672 60.00 

Pellet (I4) Material recycling  0.299 0.280 
Gasoline (I5) Thermal recycling  0.089 0.332 
Diesel (I6) Thermal recycling  0.068 0.068 
Heavy oil (I7) Thermal recycling  0.068 0.390 
N-Olefins (I8) Pyrolysis  0.446 0.180 
N-Paraffins (I9) Pyrolysis 0.432 0.120 
Branched paraffins (I10) Pyrolysis 0.333 3.091 

Metal Recycled aluminum (I11) Material recycling 1.000 1.050 
Glass Recycled glass (I12) Material recycling 1.000 0.032 
Paper Recycled paper (I13) Material recycling 0.840 0.170 
Non-
recyclable 
waste 

Electricity (I14) Incineration  
Pyrolysis 
Conventional gasification 
Pyrolysis/gasification 
Plasma arc gasification 

1.958 (MJ Energy/kg Waste) 
2.056 
2.466 
0.246 
2.938 

0.158 (€/kWh) 

 

The seasonality pattern for the demand data for recyclable products is also considered and is 

shown in Figure 2. Figure 3 displays the demand for electricity, which is the highest during 

winter. It can be seen that there is a noticeable increase in electricity demand in the summer 

(due to e.g. air-conditioning) after the spring and a slight increase in the winter after the fall. It 

is assumed that all product types are demanded by all cities in every period. Values of the cost 

parameters and volume of each type of waste (taken from Louis and Shih, 2002) are provided 

in Table 4. Trucks with the capacity of 20 cubic yard (yd3) carry out the waste transfer and 

deliver the final products. Table 5 presents the inventory cost for the final products and fixed 

and variable transportation costs of trucks. Moreover, the initial inventory levels in separation 

centers, plants, and distribution centers are assumed to be zero. It should be noted that the 

transportation limits between each level of the SC and maximum allowed input and output of 
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the transportation quantities for each entity are considered unfixed and vary for each type of 

waste and product during each period. 

 
Figure 2: Seasonal demand for recycled products 

Figure 3: Seasonal demand for electricity 

Table 4: Cost data and volume of each type of waste 
Cost item Plastic Metal Glass Paper Non-recyclable MSW 
𝐶𝐶𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑐𝑐𝑐𝑐 (€/kg) 0.055  0.010 0.010 0.007 0.060 
𝐶𝐶𝑤𝑤𝑤𝑤𝑤𝑤
𝑤𝑤𝑠𝑠𝑠𝑠(€/kg) 0.055  0.010 0.010 0.007 0.070 

𝐶𝐶𝑤𝑤𝑐𝑐𝑤𝑤𝑐𝑐𝑙𝑙𝑛𝑛𝑙𝑙(€/kg) 0.044  0.044 0.044 0.044 0.044 
𝐶𝐶𝑤𝑤𝑠𝑠𝑤𝑤𝑤𝑤𝑤𝑤𝑠𝑠𝑤𝑤 (€/setup) [100 7,000]  [500 6,000] [1,000 10,000] [400 5,000] [1,000 10,000] 
𝐶𝐶𝑤𝑤𝑠𝑠𝑤𝑤𝑤𝑤
𝑠𝑠𝑝𝑝𝑐𝑐𝑤𝑤(€/kg) [0.2 4]  0.9 0.1 0.044 [0.1 0.15] 

𝐶𝐶𝑤𝑤𝑤𝑤𝑤𝑤𝑖𝑖𝑛𝑛 (€/kg) 0.0045  0.0045 0.0045 0.0045 0.0045 
𝐶𝐶𝑤𝑤𝑠𝑠𝑤𝑤𝑖𝑖𝑛𝑛 (€/kg) 0.002  0.002 0.002 0.002 0.002 
Volume (yd3/ton) 7.41 5.88 0.89 2.78 2.23 
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Table 5: Inventory cost of final products and transportation cost 

Cost item  
𝐶𝐶𝑛𝑛𝑓𝑓𝑠𝑠𝑤𝑤 
𝑖𝑖𝑛𝑛 (€/kg) 0.007  

𝐶𝐶𝑛𝑛𝑓𝑓𝑙𝑙𝑤𝑤 
𝑖𝑖𝑛𝑛 (€/kg) 0.099  

𝐶𝐶𝑣𝑣
𝑓𝑓𝑖𝑖𝑓𝑓 (€/vehicle) 213  

𝐶𝐶𝑣𝑣𝑣𝑣𝑙𝑙𝑝𝑝 (€/vehicle/km) 0.15  
 

5. Results and discussions 

Figure 4 shows the total amount of waste that is intended for landfilling, recycling, and energy 

recovery in each city. Overall, during a year, the value of waste planned for energy recovery 

amounted to 386,732 tons, which is around 29% of the total produced waste. The total amount 

of recyclable waste was 290,886 tons, which corresponds to 22% of the total generated waste, 

and almost 49% of total waste was ended up in landfills.  

 
Figure 4: Waste management in different cities 

5.1. Optimal flow of waste among the SC entities   

Table 6 indicates the amount of each type of waste that is separated in separation centers 

(corresponding to the variable 𝑞𝑞𝑤𝑤𝑤𝑤𝑤𝑤
𝑤𝑤𝑠𝑠𝑠𝑠), buried in the landfill sites (𝑞𝑞𝑤𝑤𝑐𝑐𝑤𝑤), transferred to the 

corresponding plants (𝑞𝑞𝑤𝑤𝑠𝑠𝑤𝑤) and sent to the processing technologies (𝑞𝑞𝑤𝑤𝑠𝑠𝑤𝑤𝑤𝑤). It is worth 

mentioning that not all the generated waste can be recycled and reused, and each type of waste 

has a certain percentage of separation. It can be observed that only 30% of plastic waste is 

separated and the rest of the waste is sent to the landfills. It also shows that 50% of metal waste 
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is recyclable and the remaining portion is transferred to the landfills. However, a major portion 

of glass waste (90%) and paper waste (85%) are recyclable. The separation factor for non-

recyclable waste is 42%. After the waste is separated, it is sent to the corresponding plants for 

processing to be converted into various forms of valuable products. The reason for not using 

all the received waste by the plants is that each technology has capacity limitation to process 

the waste during each period. However, as it can be seen, WtE plants almost process all the 

received waste. The remaining waste is kept in waste inventory storages available in each plant, 

which then they will be used for the next period of production or they end up in the landfills if 

they become unusable.  

Table 6: Separated, landfilled, and processed quantities of the considered waste types (kton) 
Waste Separated waste Landfilled waste Transferred waste to plants Processed waste 
 Winter 
Plastic 4.28 9.99 3.81 3.77 
Metal 6.51 6.51 5.56 5.48 
Glass 14.62 1.62 12.75 12.33 
Paper 50.69 8.95 43.25 42.99 
Non-recyclables 96.68 133.51 83.61 82.43 

 Spring 
Plastic 3.32 7.76 3.07 3.05 
Metal 8.18 8.18 7.02 7.00 
Glass 11.35 1.26 10.04 9.71 
Paper 63.71 11.24 54.51 54.46 
Non-recyclables 96.68 133.51 87.38 87.30 

 Summer 
Plastic 6.38 14.88 5.87 5.85 
Metal 4.23 4.23 3.63 3.61 
Glass 21.77 2.42 18.89 18.67 
Paper 32.94 5.81 28.12 28.08 
Non-recyclables 96.68 133.51 85.54 85.46 

 Fall 
Plastic 6.16 14.37 5.58 5.56 
Metal 4.07 4.07 3.45 3.41 
Glass 21.02 2.34 18.21 17.98 
Paper 31.66 5.59 27.11 27.05 
Non-recyclables 96.68 133.51 85.29 84.97 
 

Table 7 presents the amount of products produced by the plants, showing that the demands of 

all product types are satisfied during the year. The results presented in Tables 6 and 7 are 

obtained based on the weekly time basis, but for the sake of simplifying the discussion, they 

are shown seasonally. 

 

 

 



22 

Table 7: Potential production of products from recyclable waste (ton) and electricity from 

non-recyclable waste (kWh) 

Product Winter Spring Summer Fall 
I1  94.35   76.18   146.16   139.02  
I2  261.02   210.75   404.39   384.61  
I3  422.67   341.26   654.82   622.80  
I4  188.06   151.84   291.35   277.11  
I5  55.98   45.20   86.72   82.48  
I6  42.77   34.53   66.26   63.02  
I7  12,227.25   9,872.30   18,942.93   18,016.64  
I8  271.72   219.38   420.95   400.37  
I9  280.52   226.49   434.60   413.34  
I10  209.45   169.11   324.49   308.62  
I11  6,729.98   5,748.08   3,611.17   3,408.49  
I12  12,334.91   9,706.56   18,668.88   17,982.22  
I13  44,204.94   37,654.50   23,584.07   22,719.31  
I14  47,916,056.91   43,210,566.04   45,878,333.36   45,619,661.77  
 

5.2. Costs and profit of the waste SC management  

The total annual revenue obtained from selling the recyclable products and produced energy is 

355.27 M€. The proportion of each product in revenue generation is shown in Table 8. Based 

on the results, plastic waste was the most valuable waste category in terms of revenue 

generation, and nanotubes with diameters 252, 160, and 140 μm generate the largest incomes 

with annual revenue of 258.29 M€, followed by electricity generating revenue of 28.58 M€. 

Table 8: Annual revenue obtained from selling the final products 
Product Revenue (M€) Proportion to total revenue (%) 
Nanotubes 252 μm 119.41 33.611 
Nanotubes160 μm 98.98 27.859 
Nanotubes 140 μm 39.91 11.232 
Electricity 28.58 8.045 
Heavy oil  21.97 6.184 
Recycled paper  21.16 5.955 
Recycled aluminum  19.70 5.544 
Branched parafines  3.04 0.856 
Recycled glass  1.79 0.505 
Pellet  0.25 0.070 
N-Olefines  0.23 0.065 
N-Parafines  0.16 0.045 
Gasoline  0.09 0.025 
Diesel  0.01 0.004 

 

A sensitivity analysis is conducted to examine the effect of changes in prices of the nanotubes 

with diameters 252 μm, 160 μm, and 140 μm, and electricity on the total net profit. Figure 5 

shows that in what range the nanotubes and electricity unit prices can be decreased before the 

optimal solution changes. It can be seen that the profit decreases dramatically with the 

reduction in the price of nanotubes with diameters 252 μm from 60 to 56.49 €/kg, a profit of 
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zero will be earned. Similarly, when the prices of nanotubes with diameters 160 and 140 μm 

drop from 80 and 90 to 74.36 and 74.25 €/kg, respectively, a profit of zero will be earned. It 

can also be observed that decreasing the electricity price from 0.158 to 0.12 €/kWh will yield 

a profit of zero.  

 
 

Figure 5: Sensitivity analyses of nanotubes and electricity price reduction rates to annual profit 

In addition, we analyzed the model and computational results for the planning horizon of 12 

months and 4 seasons to investigate how different problem sizes affect the model performance. 

GAMS/ CPLEX v24.9.1 is used to code and solve the proposed model on a desktop with Intel 

Core i5, 2.4 GHz processor, and 8 GB RAM with four parallel threads. The relative gap 

tolerance is set to 0.01, and the maximum time limit is 3,600 sec. Table 9 presents the 

computational performances of the proposed model with different time periods of 52 (weeks), 

12 (months), and 4 (seasons). Considering the planning horizon of four seasons (t = 4), the 

model generates the total profit of 13.57 M€ for the MILP problem, which is close to the solution 

of the relaxed MILP (13.68 M€), and its integrality gap is close to zero.  

Results indicate that the optimality gap and the running time of CPLEX for all three problems 

are relatively small. However, the integrality gap and the required computation time increase 

slightly due to the increase in the problem size. The results support the efficiency of the proposed 

model for different problem sizes even in large scales. Table 10 summarizes the model solutions 

for different time periods. Solving the model seasonally and monthly reduces the total cost of 

the entire SC network by 1.89% and 0.27% respectively compared to the weekly time basis. 

This reduction is mainly because of the decrease in the number of setups performed to process 

the waste, where the setup cost dropped by 87% and 69% for the seasonally and monthly time 

basis, respectively, compared to the weekly time periods. 
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Table 9: Comparison of the performances of the proposed model for different problem sizes 

Period 
t 

MILP 
(M€) 

Relaxed 
MILP 
(M€) 

Integrality 
gap* 

CPU 
(sec) Iterations Nodes No. of 

constraints 

No. of 
continuous 
variables 

No. of 
integer 
variables 

No. of 
binary 
variables 

4 13.572 13.683 0.008 0.672     203 0 19,637 7,417 940 4,700 

12 7.917 8.005 0.011 1.469 789 0 58,885 22,225 2820 14,100 

52 6.982 7.358 0.052 2.766 3786 0 255,125 96,265 12,220 61,100 

*𝐼𝐼𝑛𝑛𝑡𝑡𝐼𝐼𝐼𝐼𝐼𝐼𝑀𝑀𝑙𝑙𝑖𝑖𝑡𝑡𝑦𝑦 𝐼𝐼𝑀𝑀𝑝𝑝 =  (𝑅𝑅𝐼𝐼𝑙𝑙𝑀𝑀𝑀𝑀𝐼𝐼𝑑𝑑 𝑀𝑀𝐼𝐼𝐿𝐿𝑃𝑃 −  𝑀𝑀𝐼𝐼𝐿𝐿𝑃𝑃) 𝑅𝑅𝐼𝐼𝑙𝑙𝑀𝑀𝑀𝑀𝐼𝐼𝑑𝑑 𝑀𝑀𝐼𝐼𝐿𝐿𝑃𝑃⁄  

 

Table 10: Objective function components for different time horizons 

Objective function components (M€) t = 4 t = 12 t = 52 

Revenue 355.274 355.274 355.274 

Profit 13.572 7.917 6.982 

Production cost 94.229 99.341 99.341 

Transportation and electricity distribution costs 85.488 85.892 86.206 

Collection cost 61.638 61.638 61.638 

Separation cost 70.846 70.846 70.846 

Landfilling cost 28.304 28.304 28.304 

Setup cost 0.120 0.277 0.897 

Product inventory cost in distribution centers 0.572 0.640 0.646 

Waste inventory cost in separation centers 0.461 0.392 0.382 

Product inventory cost in plants 0.009 0.025 0.024 

Waste inventory cost in plants 0.037 0.003 0.007 

 

5.3. Effects of the SC integration on the system performance  

The performance of the SC varies with the degree of coordination and integration between its 

entities. Considering each waste source (city) individually reduces the profit remarkably since 

there is not enough waste available in all cities to meet the demand. Moreover, the costs 

associated with production, inventory, and transportation increase significantly. For instance, 

transportation cost increases by 14.55 M€/year compared to the case when all waste sources 

are accumulated. Consequently, more carbon dioxide emissions would be released due to the 

increase in transportation trips. In cities 2, 3 and 4, demand shortage occurred due to the 

inadequate availability of waste materials, lower production, and stock-outs. Conversely, 

excessive inventories and ineffective capacity consumptions arise in cities 1 and 5 as these two 

cities produce the highest quantity of municipal solid waste during a year (see Table 2). 
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Figure 6 illustrates the demand for each product type versus the total production in a year for 

the case when cities are considered separate. As it can be seen, the demands of all products 

face the shortage as the demand is not fully satisfied with the waste supplied from the individual 

cities, and in average 33 % of each product demand is lost. Moreover, the total yield of 

electricity is lower than its demand, and 123,432 MWh of electricity demand is not satisfied. 

Considering five cities collectively results in reducing the excessive inventory or stock-outs as 

additional required waste materials in plants can be supplied from different waste supply 

sources. 

 
Figure 6: The effect of separation of waste sources on demand satisfaction 

5.4. Impact of truck capacity of the SC performance 

To compare the effect of different transportation models on the numbers of trips and SC 

performance, two scenarios are considered. Scenario 1 (S1) considers the actual volume of 

waste, and the numbers of trips are calculated based on the volume of waste and product 

multiplying the shipment quantity divided by the truck capacity (Eqs. 3, 13, 14, 33 and 42). In 

this case, transportation cost will increase as less waste and product are able to be transferred 

per trip. However, ignoring the waste volume (Scenario 2 - S2) decreases the number of trips 

and the transportation cost remarkably. Figure 7 compares the number of trips performed for 

the waste transfer between all the considered entities in one year. Both scenarios present the 

same behavior; the higher the truck capacity, the lower the numbers of shipments are. 
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Figure 7: The number of transportation trips in the presence (S1) and absence (S2) of the waste 

volume  

The results also show that when the truck capacity is large enough, such that any batch size is 

smaller than the truck capacity, the total transportation costs will be almost similar regardless 

of the capacity of the truck. For instance, the vehicle capacity of 15 yd3 will generate a total 

transportation cost of 108 M€, where a 25 and 30 yd3 truck will result in a transportation cost 

of 68 M€ and 56 M€ per year, respectively.  

Sensitivity analyses are also conducted to determine how changing the vehicle capacity can 

influence the transportation cost and the total profit of the SC network. The model has solved 

the truck capacities of 10, 15, 20, 25, and 30 tons with the absence of the waste volume, as well 

as the capacities of 10, 15, 20, 25, and 30 yd3 with the presence of the waste volume. The 

behavior of the total transportation cost and the total profit of the SC network for different truck 

capacities is shown in Figure 8. 

 
Figure 8: Impact of the vehicle capacity on the SC performance in the presence and absence 

of the waste volume  
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It can be seen that the transportation cost decreases as the truck capacity increases. Moreover, 

Figure 8 shows that performing the transportations by a 10 and 15 yd3 truck results in a negative 

profit (- 68.46 and 18.17 M€, respectively) as the numbers of trips increase significantly. 

Therefore, it can be concluded that the numbers of truck-trips required per year and 

subsequently the transportation cost are significantly affected by the quantity and size of 

shipments, the weight-based measure, and truck capacity. 

 

6. Conclusions 

In this paper, an MILP model for the optimal planning of an MSW management system in a 

multi-echelon SC network was developed. The fundamental concept was to optimize decision 

variables of different functions of the integrated waste SC network simultaneously, which are 

conventionally optimized individually due to the complexity in their integration while 

simplifying some detail level aspects. The proposed model focuses on the effective SC 

planning with the emphasis on how to plan and integrate SC components of the waste 

management into a coordinated system in order to obtain the most feasible and cost-efficient 

plan. The objective of the model was to minimize the cost of the MSW management system 

and maximize the revenue from sales of recycled products produced in recycling plants and 

electricity generated in WtE plants.  

The proposed model can determine the quantity of waste supplied from cities to separation 

centers and from separation centers to processing plants, amount of waste in plants transferred 

to different processing technologies, and quantity and types of generated products sent from 

plants to distribution centers and finally to the markets located in cities. Besides, the 

transportation limits between each level of the SC, maximum allowed input and output of the 

transportation quantities for each entity, as well as the storage and production capacities were 

considered. The results support the inclusion of the significant impact of upstream decisions 

including waste production, delivery, and treatment plants on the downstream activities such 

as product distribution to the demand zones. The coordination between all entities has a 

substantial impact on the overall system performance by minimizing the overall costs while 

satisfying capacity restrictions existing in all levels of the network and fulfilling the demand 

requirements in time. Therefore, to enhance the system profitability, the SC network of the 

waste management systems should be treated as a whole and its various components 

simultaneously should be taken into account. 
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This study is also expected to help the decision-makers to formulate efficient inventory 

policies. Maintaining the inventory helps the plant to prevent opportunity loss due to the stock-

outs as it allows the plant to protect itself against uncertain situations and provide a high level 

of service to its customers. In the real case, from the history data, it can be observed that the 

high waste generation appears during some periods such as holidays, events, and festivals. 

Using the proposed model, the plant can determine the inventory level prior to the actual period. 

Hence, during the high seasons due to having a high amount of waste generation, the decision-

maker can set the inventory level in the previous periods to the lowest amount, to avoid storing 

a high level of inventory during the peak periods. Moreover, considering the SC in weekly 

periods brings it closer to the operations. 

The presented MILP model was solved efficiently in a reasonable computational time using 

GAMS. The results showed that among the plastic, metal, glass, paper, and non-recyclable 

waste, plastic recycling had a significant contribution to the economy, and recycling was the 

most profitable waste management option. 
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