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Abstract. Solid waste management has been an interesting topic for researchers in few last 

decades. This paper studies a price-sensitive demand for the waste disposal service of two dis-

posal facilities who are dealing with a contractor to gain more profit. The waste disposal pro-

cess is studied in a supply chain structure where a contractor manages to collect the waste from 

the producers and transport them to the facilities for disposal. Two scenarios are proposed 

where at the first one the disposal facilities lead a price Stackelberg game over the contractor, 

and in the second scenario, both disposal facilities and the contractor cooperate on the chain 

decision variables in an integrated framework. A numerical example is performed to illustrate 

the efficiency and applications of the proposed model.   
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1 Introduction  

Municipal solid waste includes the produced waste by residential and business build-

ings, public parks, municipals, and service providers. The municipal solid waste is 

generally categorized to recyclables, hazardous, and garbage waste [1]. It is a chal-

lenge for many municipals to design or select a solid waste management system that 

minimizes the waste negative environmental impacts and ensures a reasonable level 

of health and welfare for the citizens [2].   

Solid waste management includes managing waste generation, collection, separation, 

transportation, treatment, distribution and disposal, therefore we can define waste 

management as a supply chain management problem [3]. Having an inappropriate 

waste management system can lead to disease transmission, contaminated ground and 

surface water, negative impacts on ecosystem, producing greenhouse emissions, and 

negative impacts on tourism and the other business activities [4].  

There are some operations research capabilities which motivate using mathematical 

models in solid waste management area. For instance, the hidden relation between 

different parameters in a problem become noticeable when developing a mathematical 

model. Or having the mathematical model enables the decision makers to test differ-

ent scenarios and make informed decisions [5]. 
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The environmental effects of solid waste management have been an important place 

of academic discussions in last two decades. Assessment of hospital biomedical waste 

management [6], relations between solid waste management and climate change [7], 

and sustainable design of a waste management system [3] are among some of the 

recent studies in this area. Besides the environmental impacts, economics always play 

an important role in municipal services. Pricing of the waste management service has 

been studied by many researchers. But, most of the waste management pricing studies 

consider the elasticity of waste production versus waste management service price 

rather than studying the profitability of the waste disposal facilities as economic enti-

ties. Weight-based pricing in the collection of household waste [9], effects of unit-

based pricing on household waste collection demand [10], public willingness to pay 

and participate in waste management [11] are among the works which studied pricing 

in waste management systems. 

In this study, we consider a solid waste disposal supply chain including two disposal 

facilities who compete for selling the service, and one contractor who is the dealer 

between the municipal waste producers and the disposal facilities. Demand for each 

disposal facility is a function of its own price and the competitor price. We solve the 

model under two scenarios. At the first scenario we consider a Stackelberg game, 

where the disposal facilities determine their service prices for the final customer 

(waste producer), and the contractor determines its own profit based on the given 

service prices. In the second scenario, an integrated supply chain is considered where 

one individual makes decisions for entire entities. So, the service price and the con-

tractor profit margin are determined at the same time by one agent. Figure 1 shows 

the structure of this model.  

 
Fig. 1. Waste disposal supply chain 

The objective of this study is to show the effect of integrated decision making on the 

decision variables and profit of a waste disposal supply chain. 

2 Model Representation 

Following notation is used in modeling the problem: 
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𝐷𝑖 : Demand for the service of facility i  

𝑑: The total potential demand for solid waste disposal  

𝑝𝑖 : Customer price for the service provided by facility i (per kilogram) 

𝛼: The price sensitivity of demand for facility i based on its own price 

𝛽: The price sensitivity of demand for facility i based on its competitor price 

ℎ𝑖: Disposal facility i price asked from the contractor (per kilogram) 

𝜇𝑖: Contractor’s profit for selling the service of facility i (per kilogram) 

𝑜𝑖 : Operation cost at facility i (per kilogram) 

We observe the demand for urban solid waste disposal to be a function of price. In-

creasing the price in disposal facility 1 (or decreasing price in facility 2) may reduce 

the demand for this facility (Choi, 1991). Equation 1 denotes the price sensitive de-

mand function for solid waste disposal facilities: 
𝐷𝑖 = 𝑑 − 𝛼𝑝𝑖 + 𝛽𝑝3−𝑖  ,      𝑖 = 1, 2     ,        𝑑, 𝛼, 𝛽 > 0 (1) 

According to (Jeuland and Shugan, 1983), 𝛼 > 𝛽  should hold true, and the larger 

difference between these two parameters mean that two products have lower possibil-

ity of substitution.  

2.1 Decentralized waste management supply chain 

Considering the demand function (1), we can define the disposal facilities’ and con-

tractor’s profit functions 𝜌𝐹𝑖
 and 𝜌𝐶𝑂 as follow: 

𝜌𝐹𝑖
= (ℎ𝑖 − 𝑜𝑖)(𝑑 − 𝛼𝑝𝑖 + 𝛽𝑝3−𝑖)              𝑖 = 1, 2 (2) 

𝜌𝐶𝑂 = ∑𝜇𝑖(𝑑 − 𝛼𝑝𝑖 + 𝛽𝑝3−𝑖)

2

𝑖=1

 
(3) 

The profit that the contractor makes on selling the service of each facility equals to 

the difference between the price that it receives from the customers and the cost it 

pays to that facility. In our first scenario we believe that the disposal facilities have 

enough power to make their price decisions ℎ𝑖 and dictate it to the contractor. Consid-

ering the value of ℎ𝑖, contractor should determine the final price asked from the cus-

tomer 𝑝𝑖 . If we substitute 𝜇𝑖 = 𝑝𝑖 − ℎ𝑖, the contractor’s reaction function to the prices 

ℎ1 and ℎ2 can be calculated through the first order derivatives of (3): 
𝜕𝜌𝐶𝑂

𝜕𝑝1
= 𝑑 − 2𝛼𝑝1 + 2𝛽𝑝2 + 𝛼ℎ1 − 𝛽ℎ2 

(4) 

𝜕𝜌𝐶𝑂

𝜕𝑝2
= 𝑑 − 2𝛼𝑝2 + 2𝛽𝑝1 + 𝛼ℎ2 − 𝛽ℎ1 

(5) 

The coordinator profit function would be jointly concave in 𝑝1 and 𝑝2 if the Hessian 

matrix (6) is negative-definite: 

[
 
 
 
 
𝜕2𝜌𝐶𝑂

𝜕𝑝1
2

𝜕2𝜌𝐶𝑂

𝜕𝑝1𝜕𝑝2

𝜕2𝜌𝐶𝑂

𝜕𝑝1𝜕𝑝2

𝜕2𝜌𝐶𝑂

𝜕𝑝2
2 ]

 
 
 
 

= [
−2𝛼 2𝛽
2𝛽 −2𝛼

] = 4𝛼2 − 4𝛽2 

(6) 

According to our assumption of 𝛼 > 𝛽, 4𝛼2 − 4𝛽2 would be positive, and the Hessi-

an matrix is negative definite. If we solve equations (4) and (5) for zero, the optimal 

prices are: 
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𝑝1 =
ℎ1

2
+

𝑑

2(𝛼 − 𝛽)
 

(7) 

𝑝2 =
ℎ2

2
+

𝑑

2(𝛼 − 𝛽)
 

(8) 

Substituting the optimal price values to equation (2), the first order derivative of (2) 

with respect to ℎ𝑖 can give us the maximization condition of the disposal facilities’ 

profit functions: 
𝜕𝜌𝐹𝑖

𝜕ℎ𝑖
=

1

2
(𝑑 − 2𝛼ℎ𝑖 + 𝛽ℎ3−𝑖 + 𝛼𝑜𝑖),    𝑖 = 1,2 

(9) 

Solving equation (9) for zero gives us the optimal ℎ𝑖 values: 

ℎ𝑖 =
𝑑

2(𝛼 − 𝛽)
+

𝛼(2𝛼𝑜𝑖 + 𝛽𝑜3−𝑖)

(2𝛼 − 𝛽)(2𝛼 + 𝛽)
 ,          𝑖 = 1,2 

(10) 

Substituting (9) in (7), we have the optimal price asked from the customers: 

𝑝𝑖 =
𝑑(3𝛼 − 2𝛽)

2(2𝛼 − 𝛽)(𝛼 − 𝛽)
+

𝛼(2𝛼𝑜𝑖 + 𝛽𝑜3−𝑖)

2(2𝛼 − 𝛽)(2𝛼 + 𝛽)
 ,        𝑖 = 1,2 

(11) 

To simplify the problem, we logically can assume that the operations cost for both 

disposal facilities is the same. This assumption also removes our analysis dependence 

on the used technology in each facility. Therefore, using o as the operations cost in 

both facilities, we have the optimal ℎ𝑖 and 𝑝𝑖  prices as follows: 

ℎ𝑖 =
𝑑 + 𝛼𝑜

2𝛼 − 𝛽
 ,       𝑖 = 1,2 

(12) 

𝑝𝑖 =
𝑑(3𝛼 − 2𝛽) + 𝛼𝑜(𝛼 − 𝛽)

2(2𝛼 − 𝛽)(𝛼 − 𝛽)
 ,      𝑖 = 1,2 

(13) 

Important model outputs can be derived using values in (12) and (13) as shown in 

Table 1. It is notable that the disposal facility may only cover its costs if its service 

price asked from the contractor is greater than or equal to the operations cost, there-

fore (14) should always hold true: 
𝑑 + 𝛼𝑜

2𝛼 − 𝛽
≥ 𝑜 →   𝑜 ≤

𝑑

𝛼 − 𝛽
 

(14) 

2.2 Integrated waste management supply chain 

Our second scenario considers a case where an individual agent makes the decisions 

for all players in the solid waste disposal chain. In this case we only have one profit 

function which is the supply chain profit function: 

max
𝜇𝑖,𝜇3−𝑖

𝜌𝑆𝐶 = ∑𝜇𝑖(𝑑 − 𝛼(𝑜 + 𝜇𝑖) + 𝛽(𝑜 + 𝜇3−𝑖))

2

𝑖=1

 
(15) 

Model optimal values can be derived through the optimal value of 𝜇𝑖. The first order 

conditions with respect to 𝜇𝑖 follow: 
𝜕𝜌𝑆𝐶

𝜕𝜇1
= 𝑑 − 𝛼(𝑜 + 2𝜇1) + 𝛽𝑜 + 2𝛽𝜇2 

(16) 

𝜕𝜌𝑆𝐶

𝜕𝜇2
= 𝑑 − 𝛼(𝑜 + 2𝜇2) + 𝛽𝑜 + 2𝛽𝜇1   

(17) 

The Hessian matrix is: 
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[
 
 
 
 
𝜕2𝜌𝑆𝐶

𝜕𝜇1
2

𝜕2𝜌𝑆𝐶

𝜕𝜇1𝜕𝜇2

𝜕2𝜌𝑆𝐶

𝜕𝜇1𝜕𝜇2

𝜕2𝜌𝑆𝐶

𝜕𝜇2
2 ]

 
 
 
 

= [
−2𝛼 2𝛽
2𝛽 −2𝛼

] = 4𝛼2 − 4𝛽2 

(18) 

The solid waste disposal supply chain has a maximum value for 𝛼 > 𝛽. Solving (16) 

and (17) for zero, we have: 

𝜇1 =
𝑑 − 𝑜𝛼 + 𝑜𝛽 + 2𝛽𝜇2

2𝛼
 

(18) 

𝜇2 =
𝑑 − 𝑜𝛼 + 𝑜𝛽 + 2𝛽𝜇1

2𝛼
 

(19) 

Substituting (19) to (18), we have: 

𝜇1 = 𝜇2 =
𝑑 − 𝑜𝛼 + 𝑜𝛽

2𝛼 − 2𝛽
 

(20) 

Table 1. Optimal prices and profits 

Equil. value Decentralized chain Integrated chain 
ℎ𝑖  𝑑 + 𝛼𝑜

2𝛼 − 𝛽
 

- 

𝑝𝑖 𝑑(3𝛼 − 2𝛽) + 𝛼𝑜(𝛼 − 𝛽)

2(2𝛼 − 𝛽)(𝛼 − 𝛽)
 

1

2
(𝑜 +

𝑑

𝛼 − 𝛽
) 

𝜇𝑖  𝛼(𝑑 − 𝑜(𝛼 − 𝛽))

2(2𝛼2 − 3𝛼𝛽 + 𝛽2)
 

𝑑 − 𝑜𝛼 + 𝑜𝛽

2𝛼 − 2𝛽
 

𝐷𝑖 𝛼(𝑑 + 𝑜(−𝛼 + 𝛽))

4𝛼 − 2𝛽
 

1

2
(𝑑 + 𝑜(−𝛼 + 𝛽)) 

𝜌𝐹𝑖
 𝛼(𝑑 + 𝑜(−𝛼 + 𝛽))2

2(−2𝛼 + 𝛽)2  
- 

𝜌𝐶𝑂 𝛼2(𝑑 + 𝑜(−𝛼 + 𝛽))2

2(𝛼 − 𝛽)(−2𝛼 + 𝛽)2 
- 

𝜌𝑆𝐶  𝛼(3𝛼 − 2𝛽)(𝑑 + 𝑜(−𝛼 + 𝛽))2

2(𝛼 − 𝛽)(−2𝛼 + 𝛽)2  
(𝑑 + 𝑜(−𝛼 + 𝛽))2

2(𝛼 − 𝛽)
 

3 Discussion 

We analyze the system manner in this section through algebraic analysis.  

Proposition 1. The price values in two scenarios are in the following order: 𝑝𝑖
𝐷𝑒𝑐 >

𝑝𝑖
𝐼𝑛𝑡 

Proof.  
𝑑(3𝛼−2𝛽)+𝛼𝑜(𝛼−𝛽)

2(2𝛼−𝛽)(𝛼−𝛽)
>

1

2
(𝑜 +

𝑑

𝛼−𝛽
) ⟹ 0 <

𝑑−𝑜𝛼+𝑜𝛽

4𝛼−2𝛽
  

We know that 𝑜 ≤
𝑑

𝛼−𝛽
 and  𝛼 > 𝛽, so 0 <

𝑑−𝑜𝛼+𝑜𝛽

4𝛼−2𝛽
 is always true 

Unlike the integrated supply chain, each disposal facility in a decentralized chain is 

adding its own profit to the service operation cost, and the contractor is adding its 

own profit 𝜇𝑖 as well. Adding the marginal profit by all chain players increases the 

final service price of the decentralized chain versus the integrated chain. 

Proposition 2. The contractor’s profit is in the following order: 𝜇𝑖
𝐷𝑒𝑐 < 𝜇𝑖

𝐼𝑛𝑡 

Proof. 
𝛼(𝑑 − 𝑜(𝛼 − 𝛽))

2(2𝛼2 − 3𝛼𝛽 + 𝛽2)
<

𝑑 − 𝑜𝛼 + 𝑜𝛽

2𝛼 − 2𝛽
 ⟹ 𝑜(𝛼 − 𝛽)3 < 𝑑(𝛼 − 𝛽)2  ⟹ 0 < 𝑑 − 𝑜(𝛼 − 𝛽) 
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There is no disposal profit for individual disposal facilities in the integrated scenario, 

and all of supply chain profit comes from the contractor’s profit. Essentially, contrac-

tor should divide the profit among the players of the supply chain. Without having the 

disposal facility profit (ℎ𝑖) in the integrated chain, contractor has more space for in-

creasing its profit margin. 

Proposition 3. The service demand for each facility in two scenarios are in the follow-

ing order: 𝐷𝑖
𝐷𝑒𝑐 < 𝐷𝑖

𝐼𝑛𝑡  

Proof.  
𝛼(𝑑+𝑜(−𝛼+𝛽))

4𝛼−2𝛽
<

1

2
(𝑑 + 𝑜(−𝛼 + 𝛽))  ⟹ 

𝛼

2𝛼−𝛽
< 1 ⟹  𝛽 < 𝛼 

Based on proposition 1, price in the decentralized chain is higher than the integrated 

chain. Therefore, the demand for the service provided by the decentralized chain 

would be lower than the demand for the integrated chain. 

Proposition 4. The supply chain profit in coordinated scenario is more than the supply 

chain profit in decentralized scenario. 

Proof. 
(𝑑+𝑜(−𝛼+𝛽))2

2(𝛼−𝛽)
−

𝛼(3𝛼−2𝛽)(𝑑+𝑜(−𝛼+𝛽))
2

2(𝛼−𝛽)(−2𝛼+𝛽)2
=

(𝛼−𝛽)(𝑑+𝑜(−𝛼+𝛽))
2

2(−2𝛼+𝛽)2
> 0 

It is approved in many former studies that in most of the cases integration improves 

the profitability of the supply chain. Proposition 4 shows that the profitability of the 

solid waste disposal supply chain would be increased under cooperation versus decen-

tralized decision making.  

4 Numerical Example 

A simple numerical example shows the variations of the equilibrium values versus 

different 𝛽  values. We assume 𝑑 = 750 , 𝛼 = 45, and 𝑜 = 5. Based on the initial 

model assumption of 𝛼 > 𝛽, 𝛽 can vary from 0 to 44.9.  

 
Fig. 2. Price variations versus 𝛽 

Figure 2 shows that when 𝛽 gets closer to 𝛼, disposal facility price in decentralized 

chain and the final price in both decentralized and integrated chains get larger. When 

𝛽 gets so close to 𝛼, it means there is not so much difference between two service 

providers, and the services are more substitutable. Unlike the current model, if there is 

not an assumption of same price for the disposal facilities, it would be expected that 

there would be lowering-price contest between the competitors.  
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Fig. 3. Contractor profit versus 𝛽 

Figure 2 noted that increasing 𝛽, increases the service price in both scenarios. By 

selling more expensive service, it is expected that the contractor may make more prof-

it as well. Figure 3 shows that the contractor makes more profit in integrated channel 

compared to the decentralized one. 

 
Fig. 4. Demand for each disposal facility versus 𝛽 

The demand which depends on the sale price will determine the total profit in both 

scenarios. In Propositions 1 and 2, we proved that the integrated price is lower than 

the price in the decentralized scenario, and the total profit for the integrated scenario 

is greater than the decentralized one. Thus, we conclude that the demand level is 

higher in the integrated scenario. From managerial viewpoint, if the facilities want 

more profit, they should follow a scenario which leads to more demand.  

 
Fig. 5. Total profit versus 𝛽 

Larger 𝛽 values lead to more demand and higher prices, therefore as much as two 

services become more substitutable, the total profit of the disposal chain would in-
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crease. Figure 5 shows that the total profit in the integrated chain is slightly more than 

the profit of the decentralized chain. 

5 Conclusions 

The waste management practice of a service supply chain with two disposal facilities 

and a contractor is studied. It is shown that working under an integrated supply chain 

platform can slightly improve the profitability of the chain. If the service of the dis-

posal facilities become more similar, they can sell the service at a higher price both in 

the decentralized and integrated supply chains. Under the parameter assumptions of 

this study, the demand would be motivated if the service of both disposal facilities 

become more similar. 
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