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TWO-STAGE STOCHASTIC PRICING AND COORDINATING PROBLEM IN A
STOCHASTIC SUSTAINABLE SUPPLY CHAIN CONSIDERING

DETERIORATION AND CARBON CAP-AND-TRADE REGULATION

Farnia Zarouri, Alireza Arshadi Khamseh* and Seyed Hamid Reza Pasandideh

Abstract. Due to the rapid growth of industrial activities worldwide and the importance of sustain-
able supply chain management in controlling carbon emissions, this study examines the pricing and
coordination issues of a two-stage sustainable supply chain for deteriorating products, including one
manufacturer and one retailer. Assuming two productions and selling periods, the manufacturer has
to adopt the governmental carbon cap-and-trade regulation due to using some equipment during the
production period. Centralized and decentralized scenarios are solved precisely and heuristically con-
sidering a stochastic demand. According to the analytical results, to design a cooperation rule between
the members, two-part tariff (TPT) and two-part tariff-option (TPTO) contracts are proposed to coor-
dinate chain decisions. Due to existing constraints defined during problem analysis, three new heuristic
algorithms are developed to analyze the decentralized case and two contract problems. In addition to
coordinating the problem and representing win–win outcomes using two contracts, numerical results
show that TPT is more competent and gives win–win outcomes for all experiments. Also, it is more
profitable for the manufacturer as the game leader. The experimental results prove that this problem
is highly sensitive regarding parameter changes.
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1. Introduction

Some products like meat, vegetables, fruit, blood, medicine, and dairy are deteriorating in the real world.
Many of these products will perish during transportation and storage due to pressure, damage, evaporation,
and spoilage. That is why managing the inventory and coordinating the decisions of the deteriorating product
supply chain, which have been considered crucial topics in the supply chain management field, are challenging
and full of different kinds of risks since the product quality is reduced dynamically during a period [5].

In a deteriorating product supply chain, members use some equipment during the production and storage
periods. Referring to the literature, mitigating carbon emissions of such equipment to create an environmentally
sustainable supply chain is considered one of the environmental concerns that attract the researchers’ focus.
Carbon tax and cap-and-trade rules are two popular approaches to mitigate carbon emissions. Carbon cap-and-

Keywords. Stochastic sustainable supply chain, pricing, coordination, two-part tariff contract, two-part tariff-option contract,
stochastic demand.

Kharazmi University, Tehran, Iran.
*Corresponding author: ar arshadi@khu.ac.ir

c○ The authors. Published by EDP Sciences, ROADEF, SMAI 2026

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

https://doi.org/10.1051/ro/2025139
https://www.rairo-ro.org
mailto:ar_arshadi@khu.ac.ir
https://creativecommons.org/licenses/by/4.0


2 F. ZAROURI ET AL.

trade is a method that has been utilized extensively in recent years [13]. This method is the strongest system
in the USA compared to other continents. However, carbon tax is the strongest in Asia (except for Japan)
[1]. The carbon cap-and-trade regulation is a market-driven approach that some governments use to control
carbon emissions levels. The government specifies a cap on the plant’s permitted level of carbon emissions.
In this method, the government allows the manufacturer to provide some infrastructure to reduce carbon
emissions. Such regulations cause supply chain management to become challenging because the supply chain
confronts policy pressure to measure factors such as providing emissions reduction technologies and becoming
environmentally sustainable. Thus, the intended measures significantly increase the production cost. To reduce
the total production cost and waste amount, coordinating supply chain decisions has been introduced as a
potent scheme in the related literature [6]. There are some studies which demonstrate the applicability of this
carbon emissions method: Colmer et al. [15] estimated that the EUETS known as the world’s first and largest
market-based climate policy, encouraged manufacturers to decrease carbon emissions by 14–16% on average
without any noticeable contractions in economic affairs. Hathaway [26] explored a market-based approach in
order to decrease greenhouse gas emissions considering California’s carbon cap-and-trade regulation as a case
study. In addition, the study indicated that several US states had considered implementing carbon pricing
mechanisms. Lessmann and Kromer [32] investigated the effects of California’s carbon cap-and-trade system
on carbon emissions in the electricity and industrial sectors. Utilizing state-level panel data during the period
2005–2019, they applied the synthetic control approach with the aim of establishing an optimal counterfactual
for per capita emissions in each sector. They concluded that abatement in the power sector was improved by
some supporting plans and handled by a conversion from natural gas to renewables. However, California’s energy
mix failed to encourage emissions reduction in the industrial sector.

Reviewing the literature demonstrates that in deteriorating product supply chains, a limited number of studies
analyzed a supply chain with stochastic demand. We changed the supply chain of Bai et al. [6], which considered
the coordination problem of a deteriorating product supply chain under a deterministic demand and carbon
cap-and-trade rule. We also examine the coordination and pricing problems of a deteriorating product supply
chain considering a stochastic demand. We choose a two-part tariff contract, which has been used frequently in
the deteriorating product supply chain coordination literature [6]. Conversely, since the option contract is an
appropriate tool to coordinate a deteriorating product supply chain [2], we propose a combination of two-part
tariff and option contracts, namely a two-part tariff-option mechanism. Regarding the described problem, the
intended key questions should be answered during this study: (i) Can the two contracts coordinate the chain
decisions under win–win outcomes? (ii) Which contract offers a better coordination condition? (iii) Can the
intended two contracts provide a condition with lower carbon emissions?

Regarding the above explanations and trying to respond to the mentioned questions, this study concentrates
on supply chain pricing and coordination decisions consisting of one manufacturer that produces deteriorating
products and one retailer. The problem owns two production and selling periods. Over the production period,
the retailer places its order with the manufacturer and sells the products to customers during the selling period.
Because the products are deteriorating, we assume that over the selling period, a percentage of the products
are ruined and cannot be sold to customers. It is supposed that the manufacturer utilizes a refrigerator to
store raw materials (such as unpasteurized milk) and uses some equipment (for instance, production machines)
during the production period. The retailer uses the manufacturer’s refrigerator to provide an appropriate storage
condition for its order over the selling period. Since the manufacturer has to observe the governmental carbon
cap-and-trade regulation, it is supposed that only the manufacturer’s equipment used during the production
period generates carbon, and the carbon emissions of the refrigerator is ignored. Therefore, the manufacturer
should invest in having proper production equipment to obey the carbon cap-and-trade regulation.

Our study analyzes the problem under centralized and decentralized scenarios. We propose two different
kinds of contracts to coordinate supply chain decisions: a two-part tariff (TPT) mechanism and a novel tool,
two-part tariff-option (TPTO) contract. Results from our numerical example demonstrate the practical benefits
of both contracts. They succeed in yielding win–win outcomes, under which all members gain more profit than
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the case without coordination (decentralized scenario). TPT is more potent as it can coordinate the chain in
all experiments. These findings provide valuable insights for supply chain management in the real world.

The main contributions of this study are given here.

(1) We analyze Bai et al.’s [6] supply chain under stochastic demand and consider the coordination problem of
a deteriorating product supply chain regarding the carbon cap-and-trade rule.

(2) We develop a new contract known as a two-part tariff-option system. TPTO is a combination of the option
contract, which has been used frequently in the deteriorating product supply chain literature, and the
two-part tariff agreement. Bai et al. [6] proved that TPT was more robust than revenue and cost-sharing
contracts. TPTO encompasses advantages of both contracts, and not only does the manufacturer obtain a
fixed amount of the retailer’s revenue, but it also endures the retailer’s inventory risk.

(3) We develop two novel heuristic algorithms for better collaboration conditions under TPT and TPTO.

The remainder of this paper is presented as follows: Section 2 presents the relevant literature. Section 3 yields
symbols and assumptions, and develops the demand function and mathematical models. Section 4 constructs
the centralized and decentralized cases, and thereafter, proceeds to solve them. Section 5 introduces two con-
tracts and, subsequently, yields proper solution approaches to coordinate the chain. Section 6 shows the results
of solving a given numerical example using four developed mathematical approaches. Section 7 is allocated
to analytical results obtained from experiments. Consequently, it yields some managerial insights. Section 8
concludes this study.

2. Literature review

Three pieces of the literature related to our study are categorized as deteriorating product supply chain
coordination with two-part tariff and option contracts, carbon emissions methods and sustainable supply chain
coordination.

2.1. Deteriorating product supply chain coordination

Supply chain coordination is among the most noticed topics in the deteriorating product supply chain litera-
ture. Designing some contracts aims at improving the decentralized supply chain profit to achieve the centralized
scenario performance. Two-part tariff and option contracts are among the popular agreements in this field. The
relevant pieces of the literature are presented below.

2.1.1. Two-part tariff contract

A two-part tariff mechanism is a pricing scheme wherein the manufacturer, as the seller, sets a fixed cost
other than a unit selling price. Using this contract decreases the selling price, and as a result, more products are
sold. A two-part tariff contract is a standard tool in retail and wholesale markets. Examples of the retail market
are Costco or Sam’s Club membership, museums, and zoos [56]. In the wholesale market, the manufacturer,
as an upstream company, imposes the retailer a selling price for a unit product plus a fixed freight price. For
instance, the standard licensing agreement specifies a fixed cost and a royalty for every product [48]. Another
instance is when a credit card company imposes on buyers a transaction fee per unit product and a fixed price
[44]. In the related literature, a wide variety of two-part tariff contracts has been developed to coordinate the
supply chain: Shi et al. [50] compared the performance of reverse revenue-sharing contract with that of the two-
part tariff mechanism used for a closed-loop supply chain. Avinadav [4] considered the inventory issue of the
deteriorating product supply chain and utilized two-part tariff and revenue-sharing contracts to coordinate six
scenarios. Wu et al. [62] studied blockchain technology in a fresh product supply chain, proving that a two-part
tariff contract can maximize the chain profit. Dolat-Abadi [20] considered a supply chain of fresh agricultural
products and analyzed the economic situation of different market types and waste levels under Stackelberg
and cooperation games. They coordinated the chain using a novel two-part tariff contract. Ji and Liu [31]
considered a supply chain management of deteriorating and short-life products, and they used two-part tariff



4 F. ZAROURI ET AL.

and ZRS contracts with the goal of chain coordination and risk reduction. Zheng and Hong [74] investigated the
effects of channel formation and take-back legislation on the collection, pricing, and coordination of a closed-
loop supply chain. They used two-part tariff and revenue-sharing contracts to coordinate the chain. Li et al.
[34] developed a model based on game theory to examine the effects of valence and review volume on players’
pricing strategies considering different scenarios. They utilized a two-period, two-part tariff contract with the
aim of chain coordination. Cao et al. [11] coordinated a retailer-led green supply chain using a two-part tariff
contract for three scenarios of the retailer’s channel structure policies: offline, online, and dual-channel. Gu
et al. [25] analyzed the impact of offline in-sale service on a dual-channel supply chain and considered pricing
and coordinating issues of the chain using a two-part tariff contract. Das et al. [17] analyzed the sustainable,
efficient, and customer-centric economic strategies of a three-echelon dual-channel green supply chain consisting
of one supplier, one manufacturer, and one retailer. Gosh and Goswami [23] studied a two-echelon supply chain
producing green products and selling them to environmentally aware customers. They coordinated the chain
using price-only green marketing cost-sharing and two-part tariff contracts.

2.1.2. Option contract

Another robust contract used frequently in the literature is the option contract. This contract has been
well-known for its flexibility and power in sharing inventory risks among supply chain entities. Arani et al.
[2] proposed a revenue-sharing-option contract to coordinate a deteriorating product supply chain. Li et al.
[33] introduced a commitment option contract to coordinate a seasonal product supply chain. Wang et al. [60]
investigated the impacts of using bidirectional option contracts on the chain decisions under customer return
assumption. Wan [57] considered a multi-period supply chain under the VMI approach, in which instantaneous
production was supposed to meet extra demands. It used option and wholesale price contracts to coordinate the
chain. Yuan et al. [67] coordinated a supply chain with a risk-averse retailer and a risk-neutral supplier using the
bidirectional option contract. Trabelsi et al. [55] examined the pricing issue of a seasonal product supply chain
using an option contract and an information-sharing approach. Bonari et al. [18] considered a green supply chain
network and used call-option and revenue-sharing contracts under centralized and decentralized scenarios. Wan
et al. [58] considered a fresh agricultural product supply chain under loss rate and production cost disruption
scenarios. They coordinated both scenarios using an option contract. Zamani et al. [68] analyzed the value of call
option contracts in reducing supply chain risks by considering random values for demand and yield. Meng et al.
[38] designed the emergency supplies procurement strategy in a relief supply chain using bidirectional option
contracts. Rahman et al. [43] considered companies that exercise options for various quantities of working capital
demand loans and banks proceeding toward the interbank market for lines of credit. They analyzed the impacts
of expected income and expenses under different probabilities.

2.2. Carbon emissions methods

There are two popular methods to cope with carbon emissions and climate change: carbon tax and carbon
cap-and-trade regulations. Both systems have definite effects on emissions, and these two mechanisms are applied
in many countries extensively [13]. The carbon tax rule was introduced by Pigou in 1932 [30], and the carbon
cap-and-trade rule was proposed in 1968 [16] which had been implemented in 27 European Union countries
since 2005 [13]. Shinkuma and Sugeta [51] compared the efficiency of these two carbon emissions methods.
They concluded that the carbon cap-and-trade regulation was better than the carbon tax under low entry
cost and the value of uncertainty, asymmetric information, and the large scale of the output market. Chen
et al. [13] investigated the effects of clean innovation on the carbon tax and cap-and-trade systems using a
static optimal model. They proved that the carbon cap-and-trade rule was more efficient compared with the
carbon tax. Ahmad et al. [1] conducted a meta-analysis to assess the impact of the intended two types of carbon
emissions reduction regarding 81 studies during 2011–2022. They proved that the effect of carbon tax was higher
than other methods. They also indicated that country-level properties such as financial development and GDP
growth rate could heighten the impacts of both types; The reduction impact of the carbon tax was strongest in
Asia (excluding Japan); however, that of the carbon cap-and-trade regulation was greatest in the USA. They
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also demonstrated that the effectiveness of carbon tax was higher if the carbon was emitted from fossil fuels
rather than electricity and coal. Xu et al. [64] analyzed the effectiveness of two carbon emissions methods.
They concluded that the carbon cap-and-trade rule surpassed the carbon tax method for economic development
because it generated lower economic costs. From the emissions reduction perspective, the carbon tax exceeded
the carbon cap-and-trade mechanism. Other studies proved the superiority of the carbon cap-and-trade rule
[35,40,46].

2.3. Sustainable supply chain coordination

Dealing with environmental considerations in supply chain management is one of the crucial topics in opera-
tions management. Among the studies conducted in this field, Toptal and Çetinkaya [54] analyzed coordination
conditions of a sustainable supply chain regarding carbon cap-and-trade and carbon tax regulations. They
examined the replenishment conditions for both scenarios. Ren et al. [45] developed a method to assign carbon
emissions abatement between the members of a make-to-order supply chain. Under multi-level emission taxes,
Bazan [37] provided coordination conditions to a supply chain by classical coordination policy and VMI approach
under a consignment agreement. Xu et al. [63] regarded a make-to-order supply chain considering the carbon
cap-and-trade regulation. It coordinated the chain through two-part tariff and revenue-sharing contracts. Bai
et al. [6] considered a sustainable supply chain with deteriorating products in the presence of the carbon cap-
and-trade rule. They exploited revenue and promotional cost-sharing contract and the two-part tariff mechanism
to coordinate the supply chain. Cao and Yu [10] analyzed the relationship between financial and operational
variables in an emission-dependent supply chain and coordinated the chain through several contracts. Bai et al.
[7] investigated a sustainable supply chain for deteriorating products under the VMI approach and the carbon
cap-and-trade rule. They proved that revenue-sharing contract enabled supply chain decisions to be coordi-
nated. Bai et al. [8] considered the sustainability investment decision in a supply chain regarding risk-aversion
conditions, and they coordinated the chain by two-part tariff and revenue-sharing contracts. Peng et al. [41]
coordinated a supply chain under stochastic demand and emissions reduction policy by option contracts. Zhao
et al. [72] coordinated order-level decisions in a supply chain, including a risk-averse retailer and a risk-neutral
supplier, by an option contract regarding emissions tax regulation. Wang et al. [61] utilized one-way as well as
two-way cost-sharing mechanisms in a supply chain regarding the carbon cap-and-trade rule. Considering the
assumption of fairness concerns, Gao et al. [22] analyzed sustainable system coordination and operation prob-
lems under a flexible cap-and-trade policy. They coordinated the Stackelberg problem with a revenue-sharing
contract and a two-part tariff mechanism. Dey and Giri [19] considered a three-echelon supply chain and ana-
lyzed sustainability conditions through remanufacturing waste materials. They succeeded in coordinating the
chain using a revenue-sharing contract. Mondal and Giri [39] investigated a sustainable make-to-order sup-
ply chain under four scenarios: centralized, decentralized, retailer-led revenue sharing, and bargaining revenue
sharing mechanisms. Under the carbon quota trading policy and customer preferences regarding low-carbon
and fresh agricultural products, Yang and Yao [66] utilized cost-sharing and two-part tariff pricing contracts
to coordinate a supply chain. Xu et al. [65] utilized a revenue-sharing contract for a low-carbon supply chain
under carbon tax and governmental subsidy policies. Zhao et al. [73] considered a supply chain in which the
manufacturer produces new products for wholesale and sells remanufactured products directly. They analyzed
pricing and marketing strategies regarding transparency efforts to decrease product returns and coordinated the
chain using revenue and cost-sharing contracts. Hsieh and Latifah [28] discussed a green supply chain, including
a manufacturer that tries to intensify product greenness in the direct channel and a blockchain-based sales
policy whose service impacts consumer evaluation of product greenness. They coordinated the chain using a
cost-sharing-based contract. Saha et al. [47] investigated optimal strategies for green investment in a supply
chain comprising one manufacturer, one retailer, and a group of customers contributing to green practices and
advertisement investment. They coordinated the chain using a green investment cost-sharing contract.

Table 1 shows a summary of the relevant articles. Looking at Table 1, a limited number of studies considered
the coordination of a stochastic supply chain. However, the real world faces different kinds of uncertainties.
This issue motivates us to consider Bai et al.’s deteriorating product supply chain [6] under stochastic demand.
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Table 1. Summary of the recent related literature.

Year Article Demand rate
function

Product
holding

Environmental
consideration

Contract
mechanism

Solution
approach

Win–win
outcome

2015 Toptal
and
Çetinkaya

Deterministic Lot size CCT Exact

2015 Bazan Deterministic VMI Greenhouse
Gas
emissions

Classical
coordination
policy

Heuristic

2015 Ren et al. Deterministic EA – Exact
2016 Xu et al. Deterministic CCT RS, TPT Exact
2017 Bai et al. Deterministic CCT RCS, TPT Exact *
2018 Cao and

Yu
Stochastic CCT QD, RS, BB Exact *

2019 Bai et al. Deterministic VMI CCT RS Exact *
2020 Bai et al. Stochastic CT RS, TPT Exact *
2020 Peng et al. Stochastic EA OC Exact *
2020 Zhao et al. Stochastic ET OC contracts Exact
2020 Wang

et al.
Deterministic CCT One-way and

two-way CS
Exact

2021 Gao et al. Stochastic CCT RS, TPT Exact *
2022 Dey and

Giri
Deterministic RS Exact *

2022 Mondal Deterministic CCT RS, BRS Exact *
2023 Yang and

Yao
Deterministic CCT CS, TTP Exact *

2023 Xu Deterministic CT RS Exact *
2024 Zhao et al. Deterministic RCS Exact *
2024 Hesieh

and Lati-
fah

Deterministic GI CS Exact *

2024 Saha et al. Deterministic GI CS Exact *
Present paper Stochastic Integrated CCT TPT, TPTO Exact and

heuristic
*

Notes. *= Covered, RS =Revenue-sharing, RRS=Revised revenue sharing, RCS =Revenue and cost-sharing,
BRS= Bargaining revenue sharing, CS= Cost-sharing, WP= Wholesale price, QD=Quantity discount, BB= Buy-back,
OC= Option contract, IS= Information sharing, CCT=Carbon cap-and-trade, CT= Carbon tax, ET =Emissions tax,
EA= Emissions abatement, Green Investment.

Bai et al. [6] demonstrated that a two-part tariff contract was more robust than a revenue and cost-sharing
contract. In a two-part tariff contract, not only should the retailer undertake product waste and inventory
risks of the deteriorating product, but it also has to yield a constant amount of the revenue obtained from the
manufacturer. On the other hand, as the manufacturer is the leader of the Stackelberg game, it determines TPT
contract parameters to gain a significant percentage of the retailer’s revenue, which may be undesirable to the
retailer. In order to respond to this drawback, we utilize the advantage of the option contract and develop a
combination of TPT and option contract known as a two-part tariff-option agreement. Table 1 indicates that the
option contract was used in some studies of the deteriorating product supply chain. Since the option contract
transfers the inventory risk of the retailer to the manufacturer, it may establish a persuading cooperation
mechanism for all chain members.
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3. Mathematical model

This study considers a sustainable supply chain system for deteriorating products, such as medicine and
dairy, with one manufacturer and single retailer. This supply chain adopts the carbon cap-and-trade rule due
to carbon emissions reduction and environmental considerations. The assumptions are represented below:

(1) It is assumed that this problem has two production and selling periods. In the production period, the
retailer places its requirement (𝑄 units of products) regarding the stochastic demand. Subsequently, the
manufacturer can satisfy the retailer’s order completely at a production cost 𝑐𝑝 per product and sells each
of them at a wholesale price 𝑤. At the beginning of the selling period, the retailer’s inventory level equals
its order level.

(2) We assume that demand during the selling period is selling price and sustainable level-dependent and
stochastic. In this period, the retailer sells the products to customers at a price 𝑝 per product.

(3) Referring to Bai et al. [6] and Wang and Chen [59], as the deteriorating products are ruined over time, a
deterioration rate is defined in the selling period and its value is given.

(4) Since the manufacturer requires some equipment (for instance, production machines) during the production
period, it has to observe the carbon cap-and-trade rule. In this regard, the manufacturer determines the
sustainable level and invests in proper production equipment to observe governmental regulations.

(5) We assume that the manufacturer keeps raw materials (for example, unpasteurized milk) in a refrigerator
that can be used to store the products. Therefore, the retailer uses the intended refrigerator to provide a
proper holding condition. It should be declared that however a percentage of products deteriorate during
the selling period, the retailer pays the holding cost ℎ𝑟𝑄 to the manufacturer.

(6) Referring to Bai et al. [6] and Swami and Shah [52], a quadratic function is used to formulate the manu-
facturer’s sustainable investment.

(7) The manufacturer’s carbon emissions level during producing 𝑄 units of the product is (𝑎 − 𝑏𝑠)𝑄. Addi-
tionally, since the equipment cannot eliminate carbon emissions completely, the constraint 0 ≤ 𝑠 ≤ 𝑎/𝑏 is
defined [6, 21].

(8) It is assumed that the unsold products have no salvage value at the end of the selling period.
(9) The retailer’s decision variables are the selling price and order level, and those of the manufacturer are the

wholesale price and sustainable level.

Major parameters and notations of our problem are represented in Table 2.
Figure 1 shows our sustainable supply chain referring to Bai et al. [6].

3.1. Stochastic demand function

In this study, we utilize the newsvendor approach in order to model the defined problem. The newsvendor
model is an inventory management problem first proposed by Petruzzi and Dada [42]. In the rich literature
on the newsvendor model, various approaches have been developed to capture stochastic demand. Some of
them are presented here: Archibald and Possani [3] investigated various inventory control models for startup
companies. They assumed that demand is stochastic and may be either higher or lower than the purchased items.
Sochastic demand with multiplicative and additive structures represents two other methods to formulating
stochastic demand functions. Choi and Chiu [14] examined the mean-downside-risk (MDR) and mean-variance
(MV) newsvendor model in a fashion retailing problem considering both exogenous and endogenous retail price
decision scenarios. They adopted a multiplicative stochastic demand function and solved the problem using real
data from a fashion retailing company. Zarouri et al. [69] analyzed a pricing problem in a semi-centralized dual-
channel supply chain under demand disruption. They employed an additive stochastic demand function and
solved the problem by real data obtained from Irankhodro automobile manufacturing company. In our study,
we assume that the demand is stochastic and depends on the sustainable level and selling price [6]. Therefore,
total demand function comprises a deterministic demand and a stochastic element as equation (3.1) where 𝐷
is the deterministic demand and 𝜀 represents the stochastic element with PDF and CDF functions of 𝑓(.) and
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Table 2. Major parameters and notations.

Indexes

𝑟 Index of the retailer
𝑚 Index of the manufacturer

Parameters

𝛼 Price elasticity effect coefficient on the demand
𝛼1 Sustainable level effect on the demand
𝜆 Breakdown rate
𝜃 Deterioration rate
𝑐𝑝 Production cost of unit product
𝑄 Retailer’s total order
𝐷0 Initial market demand
𝐷 Retailer’s deterministic demand of the selling period
ED Retailer’s total demand of the selling period
𝐸 Allowed tons of carbon emissions level
𝜀 Demand stochastic element with PDF and CDF functions of 𝑓 (.) and 𝐹 (.)
𝑎 Amount of the emitted carbon when there is no sustainable level
𝑏 Coefficient of the sustainability effect on reducing the carbon emissions
𝜂 Coefficient of the sustainability investment
𝑐𝑒 Carbon trade price
ℎ𝑚 The product holding cost in the centralized case (the manufacturer’s holding cost in the decentralized case)
ℎ𝑟 The product holding cost in the decentralized scenario
𝑈(𝑒, 𝑓) Uniform distribution function of the demand stochastic element

Profit functions

Π𝑚 Profit of the manufacturer
Π𝑟 Profit of the retailer
Π𝑐 Total profit of the supply chain

Decision variables

𝑝 The retailer’s selling price
𝑧 The retailer’s stocking factor
𝑤 The manufacture’s wholesale price
𝑠 The manufacturer’s sustainable level

𝐹 (.) where 𝐸(.) = 1 [9,29]. It should be implied that 𝜀 can be given any probability distribution function such
as normal and uniform distribution functions [42]. The deterministic demand is represented in equation (3.2).

ED = 𝐷 × 𝜀 (3.1)
𝐷 = 𝐷0 − 𝛼𝑝 + 𝛼1𝑠. (3.2)

Equation (3.1) calculates the product of the deterministic demand and the stochastic element. Equation (3.2)
shows that the selling price affects the deterministic demand negatively. The value of 𝛼 indicates the sensitivity
of customers regarding the selling price. A higher value of this parameter shows that customers are more sensitive
to the selling price. In addition, the deterministic demand is positively affected by the sustainable level. If the
value of 𝛼1 is higher, customers are more sensitive regarding climate change and environmental problems. In the
real world, most customers choose green products to respect environmental issues. Therefore, this consideration
affects the demand rate [24].
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Figure 1. Framework of the proposed sustainable supply chain.

3.2. Retailer’s profit function

Regarding the stochastic demand, the retailer orders 𝑄 units of the deteriorating products and pays the total
wholesale price 𝑤𝑄 to the manufacturer during the production period. It is assumed that the retailer’s inventory
at the beginning of the selling period equals its order level. In the selling period, 𝜃 rate of the product waste
is generated, and the retailer offers the remaining products to customers at the selling price 𝑝 per product.
Assuming that unsold products have no salvage value at the end of the selling period, the inventory is supposed
to be zero at this time. We assume that the retailer keeps its order utilizing the manufacturer’s refrigerator
and pays the holding cost of ℎ𝑟 per product. Regarding the stochastic demand and defining a stocking factor
𝑧 = 𝑄/𝐷, the retailer’s expected profit function is written as:

Max(Π𝑟) = 𝑝 min(𝑄(1− 𝜃), ED)− 𝑤𝑄− ℎ𝑟𝑄. (3.3)

In equation (3.3), the first expression indicates the revenue of selling the products in the selling period. The
second expression calculates the total cost of purchasing and keeping the products which are paid to the
manufacturer. We simplify equation (3.3) by replacing expressions of 𝑄 and ED as:

Max(Π𝑟) = 𝑝 min(𝐷𝑧(1− 𝜃), 𝐷𝜀)− 𝑤𝑄− ℎ𝑟𝑄⇒ Max(Π𝑟) = 𝑝(𝐷 min(𝑧(1− 𝜃), 𝜀))− (𝑤 + ℎ𝑟)𝑄. (3.4)

3.3. Manufacturer’s profit function

We consider a sustainable supply chain. The manufacturer tends to invest in establishing a sustainable
system to obey the governmental regulation, known as the carbon cap-and-trade rule [6]. In this supply chain,
the manufacturer produces the retailer’s order and gains profit from wholesaling and holding the products to the
retailer. The manufacturer should determine the sustainable level and wholesale price to maximize its expected
profit function, which is shown as:

Max(Π𝑚) = (𝑤 − 𝑐𝑝)𝑄− 1
2
𝜂𝑠2 + 𝑐𝑒[𝐸 − (𝑎− 𝑏𝑠)𝑄] + (ℎ𝑟 − ℎ𝑚)𝑄. (3.5)

In equation (3.5), the first expression shows the manufacturer’s profit from wholesaling the products. The second
expression declares the sustainability investment cost, and the third expression calculates the purchase cost of
the required carbon level if the emissions level is over 𝐸; otherwise, this expression computes revenue obtained
from selling the remaining carbon. Assuming that the manufacturer’s holding cost per product is ℎ𝑚 (ℎ𝑚 < ℎ𝑟),
the last expression calculates the profit of keeping the retailer’s order during the selling period. Equation (3.5)
can be written simply as:

Max(Π𝑚) = (𝑤 − 𝑐𝑝)𝑄− 1
2
𝜂𝑠2 + 𝑐𝑒[𝐸 − (𝑎− 𝑏𝑠)𝑄] + (ℎ𝑟 − ℎ𝑚)𝑄. (3.6)
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4. Analysis of the centralized and decentralized scenarios

Our developed problem is scrutinized under the centralized and decentralized cases. Obtained results are
represented below.

4.1. Centralized scenario

In the centralized supply chain, decisions are made by a central part to maximize the chain profit. The
expected profit function is calculated as follows:

Max(Π𝐶) = 𝑝(𝐷 min(𝑧(1− 𝜃), 𝜀))− (𝑐𝑝 + ℎ𝑚)𝑄− 1
2
𝜂𝑠2 + 𝑐𝑒[𝐸 − (𝑎− 𝑏𝑠)𝑄]. (4.1)

In this scenario, holding cost of a product is ℎ𝑚. The concavity of the intended problem is analyzed to solve
the problem. If 𝑝𝑐, 𝑧𝑐, and 𝑠𝑐 are selling price, stocking factor and sustainable level of the centralized scenario,
Proposition 4.1 yields the obtained results.

Proposition 4.1. The centralized supply chain expected profit function is jointly concave in 𝑝𝑐, 𝑧𝑐, and 𝑠𝑐 if
the following conditions are met:

𝛿1𝛿4 − 𝛿2
2 ≥ 0 (4.2)

𝛿1𝛿4𝛿6 ≥ 𝛿1𝛿
2
5 + 𝛿2

2𝛿6 − 2𝛿2𝛿5𝛿3 + 𝛿4𝛿
2
3 (4.3)

where

𝛿1 = −2𝛼 min(𝑧𝑐(1− 𝜃), 𝜀); 𝛿2 = 𝛼(𝑐𝑝 + ℎ𝑚 + 𝑐𝑒(𝑎− 𝑏𝑠))− (1− 𝜃)(𝛼𝑝𝑐 −𝐷)(𝑓 − (1− 𝜃)𝑧𝑐)
𝑓 − 𝑒

;

𝛿3 = −𝛼𝑎𝑏𝑐𝑒𝑧
𝑐 + 𝛼1 min(𝑧𝑐, 𝜀); 𝛿4 = −𝑝𝑐𝐷𝑓(𝑥); 𝛿5 = 𝑐𝑒𝑏; 𝛿6 = −𝜂 + 2𝑐𝑒𝑏𝛼1𝑧

𝑐.

If equations (4.2) and (4.3) are met, concavity of the problem is proved and the best unique solutions of 𝑝𝑐, 𝑧𝑐,
and 𝑠𝑐 can be obtained as:

𝑝𝑐 =
𝑧𝑐(𝑐𝑝 + ℎ𝑚 + 𝑐𝑒(𝑎− 𝑏𝑠𝑐))

2 min(𝑧𝑐(1− 𝜃), 𝜀)
+

𝐷0 + 𝛼1𝑠
𝑐

2𝛼
(4.4)

𝑧𝑐 =
𝑓

(1− 𝜃)𝑝𝑐
− (𝑓 − 𝑒)[𝑐𝑒(𝑎− 𝑏𝑠𝑐) + (𝑐𝑝 + ℎ𝑚)]

(1− 𝜃)2𝑝𝑐
(4.5)

𝑠𝑐 =
𝛼1(𝑧𝑐(𝑎𝑐𝑒 + 𝑐𝑝 + ℎ𝑚)− 𝑝𝑐 min((1− 𝜃)𝑧𝑐, 𝜀))− 𝑏𝑐𝑒𝑧

𝑐(𝐷0 − 𝛼𝑝𝑐)
−𝜂 + 2𝛼1𝑏𝑐𝑒𝑧𝑐

· (4.6)

Appendix A represents the proof. It is worth mentioning that all constraints obtained so far will be taken
into consideration in future works.

It should be implied that due to the stochastic demand function and existence of the three decision variables,
proving the concavity of the intended Hessian matrix is more complex. Referring to the literature [27, 49, 53]),
two conditions are yielded in equations (4.2) and (4.3) under which the Hessian matrix is concave. It is worth
mentioning that the concavity of the centralized scenario profit function regarding three variables is proved
during solving the numerical example and also experiments of Section 7.

Results obtained from analyzing the second derivatives of equation (4.1) regarding variables 𝑝𝑐, 𝑧𝑐 and 𝑠𝑐 are
represented in the following.

𝜕2Π𝐶

𝜕𝑧𝑐𝜕𝑝𝑐
=

𝜕2Π𝐶

𝜕𝑝𝑐𝜕𝑧𝑐
= 𝛼(𝑐𝑝 + ℎ𝑚 + 𝑐𝑒(𝑎− 𝑏𝑠𝑐))− (2𝛼(1− 𝜃)𝑝𝑐 − (1− 𝜃)(𝐷0 + 𝛼1𝑠

𝑐))(𝑓 − (1− 𝜃)𝑧𝑐)
𝑓 − 𝑒

(4.7)

𝜕2Π𝐶

𝜕𝑠𝑐𝜕𝑝𝑐
=

𝜕2Π𝐶

𝜕𝑝𝑐𝜕𝑠𝑐
= −𝛼𝑏𝑐𝑒𝑧

𝑐 + 𝛼1 min((1− 𝜃)𝑧𝑐, 𝜀) ≤ 0 (4.8)
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𝜕2Π𝐶

𝜕𝑠𝑐𝜕𝑧𝑐
=

𝜕2Π𝐶

𝜕𝑧𝑐𝜕𝑠𝑐
= 𝑐𝑒𝑏𝐷 − 𝛼1(𝑐𝑝 + ℎ𝑚 + 𝑐𝑒(𝑎− 𝑏𝑠𝑐)) +

𝛼1(1− 𝜃)𝑝𝑐(𝑓 − (1− 𝜃)𝑧𝑐)
𝑓 − 𝑒

≥ 0. (4.9)

Equation (4.8) demonstrates that 𝑝𝑐 and 𝑠𝑐 have negative effects on each other, contrarily, equation (4.9)
indicates that 𝑠𝑐 and 𝑧𝑐 have positive impacts on each other. We can conclude that 𝑝𝑐 and 𝑧𝑐 affect each other
negatively.

4.2. Decentralized scenario

In the intended scenario, the members make their decisions independently. The game used in this regard is
assumed to be manufacturer-led Stackelberg, in which the manufacturer decides first. Consequently, the retailer
makes its decisions. In this game, 𝑝𝑑, 𝑧𝑑, 𝑠𝑑, and 𝑤𝑑 are defined as selling price, stocking factor, sustainable
level and wholesale price. According to the backward induction, the retailer’s problem should be considered,
and the best responses of the decision variables should be obtained after proving the concavity of equation (3.4)
regarding two variables. Proposition 4.2 indicates the results of analyzing the retailer’s problem.

Proposition 4.2. The retailer’s best responses to the decision variables (𝑝𝑑 and 𝑧𝑑) are as:

𝑝𝑑 =
𝑧𝑑

(︀
𝑤𝑑 + ℎ𝑟

)︀
2 min(𝑧𝑑(1− 𝜃), 𝜀)

+
𝐷0 + 𝛼1𝑠

𝑑

2𝛼
(4.10)

𝑧𝑑 =
𝑓

(1− 𝜃)
−

(𝑓 − 𝑒)
(︀
𝑤𝑑 + ℎ𝑟

)︀
(1− 𝜃)2𝑝𝑑

· (4.11)

Equations (4.10) and (4.11) can give the best responses of 𝑝𝑑 and 𝑧𝑑 if the following condition is met:

𝛿1𝛿4 ≥ 𝛿7
2; 𝛿7 = 𝛼

(︀
𝑐𝑝 + ℎ𝑚 + 𝑐𝑒

(︀
𝑎− 𝑏𝑠𝑑

)︀)︀
−

(︀
𝛼(1− 𝜃)𝑝𝑑 − (1− 𝜃)𝐷

)︀(︀
𝑓 − (1− 𝜃)𝑧𝑑

)︀
𝑓 − 𝑒

· (4.12)

Appendix B shows the proof.
Equations (4.10) and (4.11) are dependent on each other. Due to the problem complexities, which stems from

interactive variables and the multiplicative stochastic demand function, obtaining an independent expression
for each variable takes much work. Therefore, solving the manufacturer’s problem and deriving independent
solutions for the variables (𝑤𝑑, 𝑠𝑑) require substantial analytical effort which remains as a potential direction
for future research. This result is expected since, referring to the literature, some studies that have examined a
supply chain with a stochastic demand utilized a heuristic method to solve the problem [36, 69–71]. Therefore,
a heuristic method is developed for this problem, and its steps are represented as follows.

4.2.1. Heuristic method

In this method, random amounts of the first-stage variables (𝑤𝑑 and 𝑠𝑑) are generated in a definite range in
every iteration after generating a lower bound for each 𝑤𝑑 and 𝑠𝑑. Subsequently, 𝑝𝑑 and 𝑧𝑑 are the second-stage
variables that are determined by equations (4.10) and (4.11). The algorithm ends when the present objective
values of both retailer and manufacturer have differences more minor than 𝜀 with their relevant objective
amounts obtained in the previous iteration. The steps are represented below.

Step 1. Set a value for 𝑤0, regarding the constraint that it should be greater than equation (4.13); set 𝑠𝑑
0 = 0

and 𝑣 = 1. Then, compute the values of 𝑝𝑑 and 𝑧𝑑 utilizing equations (4.10) and (4.11) and obtain the
retailer’s profit.

𝑤00 = 𝑐𝑝 + 𝑐𝑒(𝑎− 𝑏𝑠𝑐)− (ℎ𝑟 − ℎ𝑚). (4.13)

In equation (4.13), the value of 𝑠𝑑 equals the value of 𝑠𝑐. The reason for using 𝑠𝑐 as the upper bound of 𝑠𝑑

is the assumption that its amount is lower than or equal to 𝑠𝑐, according to [6].
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Figure 2. Flowchart of the proposed algorithm for the decentralized scenario.

Step 2. Randomly choose a number for 𝑠𝑑 from the range (𝑠𝑑
0, 𝑠

𝑑
0 + ∆𝑠). Subsequently, add ∆𝑠 to both bounds

of the intended range and select an amount for 𝑠𝑑 randomly. Repeat this loop unless the intended upper
bound reaches 𝑠𝑐.
The number of loops in step 2 is shown by 𝐿 which is the number of 𝑠𝑑.

Step 3. Considering 𝑤𝑣 = 𝑤𝑣−1 +∆𝑤, randomly generate a value for 𝑤𝑑 in the range (𝑤𝑣−1, 𝑤𝑣) and set 𝑙 = 1.
Step 4. For 𝑠𝑑

𝑙 (𝑙 = 1. . .𝐿) and 𝑤𝑑 which are gained in Steps 2 and 3, determine the best amounts of 𝑝𝑑 and
𝑧𝑑 by equations (4.10) and (4.11), and compute the retailer’s expected profit. Obtain the difference of the
retailer’s present profit and its profit gained in the last previous iteration. If the gained difference is lower
than 𝜀, then, go to step 5. Otherwise, go to step 6.

Step 5. For 𝑠𝑑
𝑙 , 𝑤𝑑, 𝑝𝑑 and 𝑧𝑑, compute the manufacturer’s profit and calculate the difference of its current

objective function with the profit relevant to the previous iteration. If the calculated difference is lower than
𝜀, Stackelberg point is obtained and solutions of the variables are the values of 𝑠𝑑

𝑙 , 𝑤𝑑, 𝑝𝑑 and 𝑧𝑑, which were
pointed at the beginning of this step, and stop. Otherwise, go to step 6.

Step 6. If 𝑙 < 𝐿, then, set 𝑙 = 𝑙 + 1 and return to step 4. If 𝑙 = 𝐿, set 𝑣 = 𝑣 + 1, and turn back to step 3.

Flowchart of the described algorithm is represented in Figure 2.

5. Contract design

In this section, TPT and TPTO are implemented to analyze the coordination condition of the decentralized
scenario decisions. The analytical results are represented here.
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5.1. Two-part tariff contract

TPT has been utilized in deteriorating product supply chain coordination literature [8]. Bai et al. [6] proved
that TPT was more robust than the revenue and cost-sharing contract. Therefore, we try to determine coordi-
nation conditions using TPT. The parameters of TPT are (𝑤, 𝐹 ). The manufacturer assigns a lower value to 𝑤,
and then the retailer and manufacturer determine values of 𝑝, 𝑧, and 𝑠, equal to those of the centralized case.
Subsequently, the retailer yields a fixed amount of its profit (𝐹 ) to the manufacturer. The members’ expected
profit functions are as follows:

Max(Π𝑟) = 𝑝 min(𝑄(1− 𝜃), ED)− (𝑤 + ℎ𝑟)𝑄− 𝐹 (5.1)

Max(Π𝑚) = (𝑤 − 𝑐𝑝)𝑄− 1
2
𝜂𝑠2 + 𝑐𝑒[𝐸 − (𝑎− 𝑏𝑠)𝑄] + (ℎ𝑟 − ℎ𝑚)𝑄 + 𝐹. (5.2)

This contract defines 𝑝𝑡𝑝𝑡, 𝑧𝑡𝑝𝑡, 𝑤𝑡𝑝𝑡 and 𝑠𝑡𝑝𝑡 as the selling price, stocking factor, wholesale price, and sustainable
level. Equations (5.1) and (5.2) reveal that 𝐹 does not affect the decision variables. Thus, expressions of 𝑝𝑡𝑝𝑡

and 𝑧𝑡𝑝𝑡 are the same as those of 𝑝𝑑 and 𝑧𝑑; equations (4.10) and (4.11) can calculate them. Similar to the
decentralized case, the decision variables of the manufacturer are not obtained due to the problem complexities.
On the other side, since an analytical solution for each variable (𝑝𝑑, 𝑧𝑑, 𝑤𝑑, 𝑠𝑑) was not gained in the decentral-
ized case, solving TPT problem and analytically finding coordination conditions are impossible. Therefore, an
algorithm needs to be developed to determine the contract parameters (𝑤𝑡𝑝𝑡, 𝐹 ) such that performance of the
decentralized supply chain equals that of the centralized case. This result can be attainable if the corresponding
variables of both scenarios are identical. A new algorithm is developed as follows to find the best solutions.

5.1.1. Heuristic algorithm

Steps of this algorithm are in the following.

Step 1. Determine a value for 𝑤0 higher than equation (4.13), then set 𝑠𝑡𝑝𝑡 = 𝑠𝑐 and 𝑣 = 1.
The upper bound of 𝑤𝑡𝑝𝑡 is 𝑤𝑑. As there is no expression to calculate the value of 𝑠𝑡𝑝𝑡, the amount of 𝑠𝑡𝑝𝑡

is determined the same as 𝑠𝑐.
Step 2. Determine an amount to 𝐹0 and set a value to ∆𝐹 . Regenerate 𝐹𝑙 iteratively (𝐹𝑙 = 𝐹𝑙−1 + ∆𝐹 )

until 𝐹𝑙 reaches the minimum amount of the retailer and manufacturer’s objective functions obtained in the
decentralized scenario. Represent the number of 𝐹 with 𝐿.

Step 3. Considering 𝑤𝑣 = 𝑤𝑣−1 + ∆𝑤, randomly choose an amount for 𝑤𝑡𝑝𝑡 from the range (𝑤𝑣−1, 𝑤𝑣) and
set 𝑙 = 1.

Step 4. Considering the values of 𝑤𝑡𝑝𝑡 and 𝐹𝑙, calculate the quantities of 𝑝𝑡𝑝𝑡 and 𝑧𝑡𝑝𝑡 using equations
(4.10) and (4.11). Calculate the differences of 𝑝𝑡𝑝𝑡 and 𝑧𝑡𝑝𝑡 with 𝑝𝑐 and 𝑧𝑐 respectively. If the computed
differences are not smaller than 𝜀 go to step 5, else, put the obtained amounts of 𝑝𝑡𝑝𝑡, 𝑧𝑡𝑝𝑡, 𝑤𝑡𝑝𝑡, 𝐹𝑙, and the
expected profits of the chain and members in matrix 𝑈 and go to step 5.

Step 5. If 𝑙 < 𝐿, set 𝑙 = 𝑙 + 1 and turn back to step 4. If 𝑙 = 𝐿, try the following alternatives:
– If 𝑤𝑣 = 𝑤𝑑, then, stop; the algorithm is terminated. All solutions are gathered in matrix 𝑈 .
– If 𝑤𝑣 < 𝑤𝑑, set 𝑣 = 𝑣 + 1, and go back to step 3.

The steps indicate that all possible values of the contract parameters which are generated during this
algorithm are tried and, finally, the feasible solutions capable of coordinating the decentralized supply chain
are yielded.

Figure 3 yields the flowchart of the algorithm.

5.2. Two-part tariff-option contract

As the study analyzes the supply chain for the deteriorating products, it may face some risks like inventory
holding and product waste due to the nature of these products. There are a vast number of studies on the
deteriorating product supply chain that used option contracts, and some of them were implied in the “Literature
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Figure 3. Flowchart of the proposed algorithm for TPT.

review” section. Option contracts can mitigate product waste and inventory holding risks for the retailer. In
this section, we try to extend TPT and examine a mechanism that motivates the retailer to cooperate with
the manufacturer by transferring product waste and inventory risks to the manufacturer. We develop TPTO
for the first time in TPT and option contracts literature to analyze the coordination condition. In TPTO,
the retailer orders 𝑄 quantity of the product from the manufacturer and pays the option price per product
during production period. The purchasing process is finalized in the selling period if the demand is realized.
The retailer pays exercise price ex (𝑒𝑥 > 𝑜) per product and sells them to customers afterward. Therefore,
the minimum amount of the demand and order is exercised. Additionally, TPTO allocates a fixed value of
the retailer’s objective function (𝐹 ) to the manufacturer. Regarding the above explanations, TPTO has three
parameters (𝑜, 𝑒𝑥, 𝐹 ). Figure 4 represents the structure of this contract and decision sequences.

In TPTO, the members’ objective functions are as:

Max(Π𝑟) = (𝑝− 𝑒𝑥) min(𝑄(1− 𝜃), ED)− (𝑜 + ℎ𝑟)𝑄− 𝐹 (5.3)

Max(Π𝑚) = (𝑜− 𝑐𝑝)𝑄− 1
2
𝜂𝑠2 + 𝑐𝑒[𝐸 − (𝑎− 𝑏𝑠𝑡𝑝𝑜)𝑄] + 𝑒𝑥 min(𝑄, ED) + (ℎ𝑟 − ℎ𝑚)𝑄 + 𝐹. (5.4)

In the retailer’s objective function, the decision variables are 𝑝 and 𝑧, and that of the manufacturer is 𝑠. In
equation (5.3), the first expression relates to the revenue obtained from selling the products to customers, and
the second expression indicates sum of the option price and holding cost of the total order. The third expression
indicates the tariff of TPTO. Constraints of this contract are defined as [12]:

𝑜 < 𝑐𝑝 < 𝑜 + 𝑒𝑥 (5.5)
𝑜 + 𝑒𝑥 < 𝑤. (5.6)

The right-hand side of equation (5.5) indicates the condition under which the contract is profitable to the supply
chain. Its left-hand side declares that the option price is always smaller than the production cost. The intended
constraint prevents the unreasonable scenario the manufacturer may arbitrage with the option. Equation (5.6)
indicates that sum of the two contract parameters should be lower than the decentralized case wholesale price.
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Figure 4. Decision Sequences in TPTO.

This constraint validates application of the intended contract since using TPTO is rational under such a situation
[12].

In this contract, 𝑝𝑡𝑝𝑡𝑜, 𝑧𝑡𝑝𝑡𝑜 and 𝑠𝑡𝑝𝑡𝑜 are defined as the selling price, stocking factor and sustainable level.
The expected profit function of the retailer should be analyzed to decide the variables. Proposition 5.1 declares
analytical results.

Proposition 5.1. Analyzing the concavity of equation (5.3) in consideration to 𝑝𝑡𝑝𝑡𝑜 and 𝑧𝑡𝑝𝑡𝑜 yields the best
solutions of the variables as:

𝑝𝑡𝑝𝑡𝑜 =
𝑧𝑡𝑝𝑡𝑜(𝑜 + ℎ𝑟)

2 min(𝑧𝑡𝑝𝑡𝑜(1− 𝜃), 𝜀)
+

𝐷0 + 𝛼1𝑠
𝑡𝑝𝑡𝑜

2𝛼
+

𝑒𝑥

2
(5.7)

𝑧𝑡𝑝𝑡𝑜 =
𝑓

(1− 𝜃)
− (𝑓 − 𝑒)(𝑜 + ℎ𝑟)

(1− 𝜃)2(𝑝𝑡𝑝𝑡𝑜 − 𝑒𝑥)
· (5.8)

Equations (5.7) and (5.8) can yield the best responses if equation (5.9) is satisfied.

𝛿1 × 𝛿8 ≥ 𝛿9
2 (5.9)

where

𝛿8 = −
(︀
𝑝𝑡𝑝𝑡𝑜 − 𝑒𝑥

)︀
(1− 𝜃)2𝐷𝑓(𝑥), 𝛿9 = 𝛼(ℎ𝑟 + 𝑜)− (𝛼(1− 𝜃)(𝑝𝑡𝑝𝑡𝑜 − 𝑒𝑥)− (1− 𝜃)𝐷)(𝑓 − (1− 𝜃)𝑧𝑡𝑝𝑡𝑜)

𝑓 − 𝑒
·

Appendix C represents the proof.
Like the previous section, an algorithm should be implemented to find coordination conditions and give the

amounts of contract parameters (𝑜, 𝑒𝑥, 𝐹 ), by which values of the decision variables and those of the centralized
supply chain become identical. Therefore, a new algorithm is developed here to find the best solutions.

5.2.1. Heuristic algorithm

In this algorithm, 𝑠𝑡𝑝𝑡𝑜 is defined formerly and its value is assumed to be the same as that of the centralized
scenario. Steps of the proposed algorithm are given here:
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Step 1. Determine a random amount for 𝑜0 and set 𝑛 = 1 and 𝑚 = 1.
Step 2. Considering 𝑜𝑛 = 𝑜𝑛−1 + ∆𝑜, randomly generate a quantity for 𝑜 within (𝑜𝑛−1, 𝑜𝑛).

The lower and upper bounds of 𝑜 are 0 and 𝑐𝑝.
Step 3. Calculate the lower and upper bounds of ex as follows:

𝑒𝑥0 = 𝑜𝑛 + 1 (5.10)

𝑒𝑥ℎ = 𝑤𝑑 − 𝑜𝑛. (5.11)

Equation (5.10) is derived from constraint (𝑜 < 𝑒𝑥) and equation (5.11) is obtained from equation (5.6).
Step 4. Set an amount to 𝐹0 and a value to ∆𝐹 . Regenerate 𝐹𝑘 iteratively (𝐹𝑘 = 𝐹𝑘−1 + ∆𝐹 ) until 𝐹𝑘 reaches

the minimum value of the manufacturer and retailer’s objective functions gained in the decentralized scenario.
Present the number of 𝐹 with 𝐾.

Step 5. Considering 𝑒𝑥𝑚 = 𝑒𝑥𝑚−1 + ∆𝑒𝑥, choose a random quantity for ex from the range (𝑒𝑥𝑚−1, 𝑒𝑥𝑚) and
set 𝑘 = 1.

Step 6. For 𝑜, 𝑒𝑥, and 𝐹𝑘, compute the amounts of 𝑝𝑡𝑝𝑡𝑜 and 𝑧𝑡𝑝𝑡𝑜 using equations (5.7) and (5.8). Compute
the differences of 𝑝𝑡𝑝𝑡𝑜 and 𝑧𝑡𝑝𝑡𝑜 with 𝑝𝑐 and 𝑧𝑐 respectively. If the calculated differences are not smaller than
𝜀, go to step 7, else, put the obtained amounts of 𝑝𝑡𝑝𝑡𝑜, 𝑧𝑡𝑝𝑡𝑜, 𝑜, 𝑒𝑥, 𝐹𝑘, and the achieved expected profits of
the chain and members in matrix 𝑈 , and go to step 7.

Step 7. If 𝑘 < 𝐾, set 𝑘 = 𝑘 + 1 and go back to step 6. If 𝑘 = 𝐾, try the following alternatives:
– If 𝑒𝑥𝑚 = 𝑒𝑥ℎ and 𝑜𝑛 = 𝑐𝑇 , stop; the algorithm ends.
– If 𝑒𝑥𝑚 = 𝑒𝑥ℎ and 𝑜𝑛 < 𝑐𝑇 , set 𝑛 = 𝑛 + 1, and return to step 2.
– If 𝑒𝑥𝑚 < 𝑒𝑥ℎ, set 𝑚 = 𝑚 + 1, and turn back to step 5.

Figure 5 shows flowchart of the algorithm.

Like TPT, this algorithm examines all possible values of the contract variables generated during this algo-
rithm; ultimately, the feasible solutions successfully coordinating the decentralized supply chain are represented.

6. Numerical example

In this section, all four mathematical models are tried using a numerical example depicted in Table 3. It
should be implied that data are given by referring to the literature [6]. We analyze the compliance of these data
with our case study, which is the manufacture of dairy products, and prove that these data are consistent with
our case study. The analytical results obtained from analyzing demand data of our case study indicate that
the stochastic element of the demand function follows a uniform distribution function, and its parameters are
(0.5, 1.5).

Now, the problems are solved using Matlab 2018. The problem of the decentralized case is solved by the
algorithm explained in Section 4.2.1, and the value of 𝜀 is given 20. Table 4 displays the obtained results.

As Table 4 indicates, due to the lower value of 𝑝 and higher level of 𝑧 in the centralized case, its profit is higher
rather than the decentralized scenario. Looking at the quantities of 𝑠 clarifies that the sustainable level in the
centralized scenario is higher than that of another case. Since the value of 𝑄 in the centralized supply chain is
higher, the emissions value in this case is more significant. In this scenario, the chain has to purchase 304.2 tons
of carbon from carbon trade market whose cost is 2129.4. However, regarding the decentralized case’s emissions
amount, the manufacturer must provide 4.93 tons of carbon from the trade market with purchase cost 321.51,
which is lower than that of the centralized case. Despite the higher carbon purchase cost of the centralized
scenario, its total profit is higher. Since the centralized scenario profit is higher, the coordination conditions
of the decentralized scenario by TPT and TPTO are considered to heighten the decentralized case profit. The
algorithms use discrete values for tariffs (𝐹 ), and select random values for the other contract parameters, e.g.,
𝑤𝑡𝑝𝑡, (𝑜, 𝑒𝑥) from a continuous range. Considering that the value of 𝜀 is 0.5, gained results from solving the
problem are demonstrated in Table 5.
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Figure 5. Flowchart of the proposed algorithm for TPTO.

Table 3. Numerical example data.

𝑑0 = 800 𝛼1 = 0.3 𝑐𝑒 = 7 𝜀 = U (0.5, 1.5) 𝑎 = 3 ℎ𝑚 = 5 𝜃 = 0.2

𝛼 = 8 ℎ𝑟 = 7 𝜂 = 65 𝐸 = 80 𝑐𝑝 = 30 𝑏 = 0.1

Table 4. Obtained results from solving the centralized and decentralized sustainable supply
chain scenarios utilizing the numerical example.

Model 𝑃 𝑧 𝑠 𝑤 𝑄 Π𝑟 Π𝑚 Π𝑇

Emissions
amount
(𝑎− 𝑏𝑠)𝑄

Centralized 85.47 1.13 0.86 – 131.64 – – 1429.06 384.2
Decentralized 92.73 0.73 0.4 60.95 42.54 245.85 1074.84 1320.69 125.93
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Table 5. Results obtained from coordinating the decentralized sustainable supply chain using
TPT and TPTO.

No. Model 𝑃 𝑧 𝑠 𝑤/(𝑜, 𝑒𝑥) Π𝑟 Π𝑚 Π𝑇
Emissions
amount

TPT

1 𝐹 = 1000 85.64 1.13 0.86 44.86 362.04 1075.57 1437.61 379.13
2 𝐹 = 1030 85.64 1.13 0.86 44.86 33204 1105.57 1437.61 379.13
3 𝐹 = 1060 85.64 1.13 0.86 44.86 302.04 1135.57 1437.61 379.13
4 𝐹 = 1090 85.64 1.13 0.86 44.86 272.04 1165.57 1437.61 379.13
5 𝐹 = 1110 85.64 1.13 0.86 44.86 253.04 1185.57 1437.61 379.13

TPTO

1 𝐹 = 1070 85.35 1.13 0.86 (2.8, 57) 347.99 1079.7 1427.68 386.77
2 𝐹 = 1090 85.35 1.13 0.86 (2.8, 57) 327.99 1099.69 1427.68 386.77
3 𝐹 = 1110 85.35 1.13 0.86 (2.8, 57) 307.99 1119.69 1427.68 386.77
4 𝐹 = 1140 85.35 1.13 0.86 (2.8, 57) 277.99 1149.69 1427.68 386.77
5 𝐹 = 1170 85.35 1.13 0.86 (2.8, 57) 247.99 1179.69 1427.68 386.77

In both contracts, solving the problem demonstrated that the proposed algorithm could not represent a
situation, under which selling prices and stocking factors are coordinated simultaneously. Thus, the amount of
𝑧 is assumed to be given and equal to that of the centralized case. The outcomes of the algorithm assert that
the problem is coordinated under different amounts of 𝐹 . Analyzing the obtained coordination conditions yields
the following essential results:

(1) The problem is coordinated by TPT when the value of 𝐹 is given from the amounts 1000, 1030, 1060, 1090,
and 1100. In all solutions, both members’ profits are higher than those of the decentralized scenario. Under
these conditions, the contract gives win–win outcomes for the decentralized sustainable supply chain. It
should be implied that due to the stochastic element of the demand function, the selling price values in
TPT are greater than that in the centralized scenario; therefore, the total profits of TPT are greater than
that of the centralized case.

(2) In TPTO, if the amount of 𝐹 is selected from the values 1070, 1090, 1100, 1140, and 1170, there is enough
coordination condition. The attained results specify that all six solutions yield win–win outcomes.

(3) Both contracts can boost the decentralized supply chain performance to achieve the centralized case profit,
upgrading the decentralized scenario to a sustainable level. Because the production levels (𝑄) under these
contracts are higher than that of the decentralized case, the carbon emissions values of the coordinated
supply chain are more significant.

6.1. Comparing TPT with TPTO

Comparing two contracts reveals the results as follows:

(1) In TPTO, as the retailer exercises its products when the demand is realized, the risk of the product waste
is transferred to the manufacturer compared with TPT. It is rational that the value of 𝑜+𝑒𝑥 is higher than
𝑤.

(2) In TPT, the retailer yields a part of its profit to the manufacturer. In TPTO, in addition to allocating a
part of the retailer’s profit to the manufacturer, the manufacturer utilizes the option approach to mitigate
the retailer’s inventory holding risk. Therefore, TPT assigns the most profit to the manufacturer, whilst
TPTO allocates the maximum profit to the retailer.

(3) Both contracts can coordinate the problem when tariffs are identical and given from the values 1090 and
1100. In these situations, the retailer’s profits under TPTO are greater, and conversely, the manufacturer
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gains higher profits under TPT. Regarding the stochastic elements of the demand function and, subse-
quently, higher values of the selling price in TPT, total profits under TPT are greater.

7. Sensitivity analysis

Considering some of the parameters, the sensitivity of the profit functions is analyzed. Due to the importance
of sustainable supply chain management, the impacts of sustainability-relevant parameters on the objective
functions are investigated. Therefore, the effects of 𝜂, 𝑐𝑒, 𝑎 𝑏 and 𝛼1 on the objective functions are investigated
using the numerical example of Section 6. 𝐸 is another sustainability-related parameter that can affect the
objective functions. Since increasing/decreasing its amount intensifies/reduces the objective functions of the
manufacturer and the centralized case constantly, its effect is not discussed in detail. Obtained results are
illustrated in Figure 6. Insights regarding Figure 6 are as follows:

(1) Since the centralized supply chain precisely solves the problem, this scenario analyzes the aforementioned
parameters. Gained results show that since the problem faces some constraints, this issue leads the param-
eters to be analyzed over small ranges. According to the findings, profit values and obtained solutions are
feasible when a is within [2.9, 3.8], b is within [0.05, 0.1], 𝑐𝑒 is selected from [5, 12], 𝜃 is within [0.15, 0.3],
and the range [0.1, 1.5] is determined for 𝛼1.

(2) In Chart 6a, decreasing the value of 𝑎 increases both members’ profits since it raises the value of 𝑠 and
reduces the values of 𝑝 and 𝑤. These changes intensify the amount of 𝑄. Therefore, total profits of both
scenarios are improved.

(3) In Chart 6b, increasing the amount of 𝑏 causes 𝑝 and 𝑤 to decrease and 𝑠 to raise. These effects positively
impact the decentralized case objective function and members’ profits. Chart 6b depicts that first, the
objective function rises in the centralized case, and subsequently, it goes down. However, as increasing the
amount of 𝑏 intensifies the level of 𝑄, the carbon emissions requirement and carbon emissions purchase cost
are heightened; Therefore, total profit of the decentralized case shrinks.

(4) In Chart 6c, increasing the value of 𝑐𝑒 intensifies levels of 𝑝 and 𝑤 and reduces the value of 𝑠 since the
manufacturer has to pay more to meet carbon emissions requirements. As a result, the members’ profits
and objective functions in both centralized and decentralized cases decrease.

(5) Chart 6d demonstrates the changes in the profit functions affected by the deterioration rate changes (𝜃).
The findings indicate that all profits reach a peak when 𝜃 is given 0.2, It should be related that when the
value of 𝜃 is 0.15, the amount of 𝑄 increases, which raises the carbon emissions requirement. Also, if the
value of 𝜃 is more than 0.2, all profits are reduced due to mitigating the amount of 𝑄.

(6) Chart 6e reveals the negative impacts of 𝛼1 on the objective functions. This chart relates that in the
centralized scenario, increasing the level of 𝛼1 intensifies the amounts of 𝑝, 𝑧, 𝑠, 𝐷, and 𝑄. Subsequently,
carbon emissions level and carbon purchase cost from the trade market rise. This issue triggers a reduction
in the objective function. In the decentralized case, the level of 𝑧 decreases, and the amounts of 𝑝 and 𝑠
increase; therefore, the retailer’s order level reduces, mitigating the chain and members’ profits.

The effects of 𝜂 on the two scenarios profits are investigated in Chart 7a. Obtained results prove that in the
centralized case, raising the value of 𝛼1 reduces value of 𝑄 and the carbon emissions level resulting in improving
the profit. However, in the decentralized case, the profit is mitigated due to the higher level of 𝑝 and lower value
of 𝑠.

In Figure 7b, carbon emissions of the centralized case and the manufacturer shrinks due to decreasing the
amounts of 𝑠 and 𝑄. Chart B indicates that, in all experiments, the manufacturer’s carbon emissions values are
lower than those of the centralized case due to higher amounts of 𝑝 and lower values of 𝑠; both of the intended
effects lead to lower values of 𝑄.
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Figure 6. Effects of (a): parameter 𝑎, (b): parameter 𝑏, (c): parameter 𝑐𝑒, (d): parameter 𝜃,
(e): parameter 𝛼1 on the profit functions of the centralized supply chain (CSC), Decentralized
Supply chain (DSC), Retailer (DSC-R) and Manufacturer (DSC-M).
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Figure 7. Effects of 𝜂 on the profits of the centralized supply chain (CSC), decentralized
supply chain (DSC), Retailer (DSC-R) and Manufacturer (DSC-M), and effects of 𝜂 on carbon
emissions of the centralized supply chain (CSC) and Manufacturer (DSC-M).

7.1. Examining the efficiency of the contracts

In this section, performances of TPT and TPTO are analyzed in the experiments conducted in Section 7.
Table 6 represents minimum and maximum amounts of 𝐹 , 𝑤 and 𝑜 + 𝑒𝑥, by which both contracts can yield
win–win outcomes. The obtained results are as follows:

(1) TPT can find coordination conditions yielding win–win outcomes for all experiments. However, in two
experiments, TPTO fails to coordinate the problem under win–win conditions (12 and 13). Experimental
results show that TPTO performance in yielding win–win outcomes is 87%; however, TPT performance is
100%. This finding reveals higher efficiency of TPT.

(2) In all experiments, values of 𝑤 in TPT are lower than those of (𝑜 + 𝑒𝑥) in TPTO.

Table 6 also demonstrates the effects of variables on each other (𝑝𝑐, 𝑧𝑐 and 𝑠𝑐). Obtained results show that
𝑝𝑐 affects 𝑧𝑐 and 𝑠𝑐 negatively, whilst impacts of 𝑧𝑐 and 𝑠𝑐 on each other are positive. These findings are similar
to the analytical results discussed in Proposition 4.1.

7.2. Managerial insights

Our proposed supply chain applies to every deteriorating product supply chain, such as dairy products.
In many real-world applications of pricing and coordination problems, demand is inherently uncertain due to
various external factors such as market fluctuations, customer behavior, price sensitivity, competition, economic
conditions and etc. Also, there are several factors (such as sustainability-related variables) impacting final
decisions which the manager have to make. These two issues allow the model to better reflect this uncertainty
and develop solutions that are more applicable in practice. However, the supply chain under consideration
should meet the constraints defined during problem analysis (especially in the centralized scenario), which may
be challenging in some cases. Two heuristic algorithms that were developed for both contracts can be customized
to any supply chain problem under every coordination condition. Regarding our study, we yield some managerial
insights as follows:

(1) Chain members must foster a spirit of cooperation. We recommend that the manufacturer, as the industry
leader, take the initiative to design contracts that encourage the retailer to adopt a collaborative approach.
Information symmetry is of importance in proceeding a successful cooperation agreement.
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Table 6. Analyzing the performances of TPT and TPTO regarding parameters 𝑝𝑐, 𝑧𝑐,
Π𝑚, Π𝑟, Π𝑐𝑠𝑐, Emissions amount.

No. Parameter 𝑝𝑐 𝑧𝑐 𝑠𝑐 Π𝑐𝑠𝑐
Emissions

amount
TPT TPTO

𝐻 𝑤𝑡𝑝𝑡 𝐹 [𝑜, 𝑒𝑥] 𝐹

1 61 85.45 1.21 0.87 1276.4 411.2 43.86 [1150− 1190] [1.4, 60], [3.1, 56.6] [1130, 1180], [1240, 1260]

2 64 85.47 1.15 0.86 1396.35 390.4 44.9 [1000− 1070] [2.8, 57.2], [3.2, 57] [1100, 1240], [1060, 1210]

3 65 85.47 1.13 0.86 1429.06 384.2 44.86 [1000, 1100] [2.8, 57] [1070, 1170]

4 70 85.51 1.04 0.86 1549.77 352.06 45.78, 46.12 [850− 1140], [810, 1100] [1.43, 59], [3.9, 57] [890, 1180], [760, 1070]

5 80 85.56 0.91 0.86 1647.27 307 47.87, 48.32 [540, 1050], [500, 1000] [2.8, 57.5], [3.8, 56] [670, 1060], [680, 1080]

6 90 85.6 0.81 0.86 1641.02 272.52 48.6, 48.65 [500, 1020], [500, 1010] [3.53, 58.54], [4.85, 55.71] [500.820], [510, 900]

7 100 85.63 0.72 0.86 1585.69 241.74 49.43, 50.24 [500, 940], [500, 850] [3.3, 59.2], [2.3, 58.8] [500, 810], [500, 760]

𝑐𝑒

8 5 82.26 1.08 0.93 2093.5 446.44 40.44,41.34 [980, 1290], [1180, 1290] [2.6, 52.23], [4.48, 48.65] [890, 1290], [1020, 1290]

9 7 85.47 1.13 0.86 1429.06 384.42 44.86 [1000, 1100] [2.8, 57] [1070, 1170]

10 9 88.78 1.03 0.8 1182.89 270.68 50.73, 51.31 [550, 650], [580− 680] [2.58, 64.75] [610, 620]

11 10 90.5 0.93 0.77 1155.06 207.23 55.45 [340, 360] [2.9, 68.3] [350, 370]

12 12 94.08 0.63 0.7 1098.5 87.81 48.73, 44.5 [70, 45]

a

13 2.9 85.07 1.17 0.87 1429.2 393.96 48.46, 49.47 [500, 600], [500, 690]

14 3 85.47 1.13 0.86 1429.06 384.42 44.86 [1000, 1100] [2.8, 57] [1070, 1170]

15 3.5 87.5 0.92 0.82 1312.12 315.23 50.58, 51.11 [500, 640], [520, 670] [1.62, 63.2], [1.26, 63.43] [550, 680], [570, 720]

16 3.7 88.34 0.85 0.81 1227.12 287.69 53.34, 52.57 [3340, 510], [410, 570] [3.5, 62.5], [4.6, 61] [430, 590], [410, 560]

17 3.8 88.75 0.81 0.8 1179.5 271.91 54.55 [280, 450] [1.42, 67.34], [3.57, 64] [300, 460], [330, 490]

B

18 0.05 85.8 0.57 0.85 1366.73 191.93 49.81, 49.47 [470, 490] [3.13, 58.22], [57, 4.23] [480, 470]

19 0.07 85.7 0.79 0.86 1625.59 266.29 49.07, 49.47 [460, 720], [500, 760] [3.64, 57.7], [4.7, 56.2] [490, 780], [500, 800]

20 0.1 85.47 1.13 0.86 1429.06 384.42 44.86 [1000, 1100] [2.8, 57] [1070, 1170]

Θ

21 0.15 83.6 1.25 0.85 1340 479 47.63, 48.31 [690, 800], [610, 800] [2.8, 54.22], [2.81, 55.79] [720, 890], [580, 890]

22 0.2 85.47 1.13 0.86 1429.06 384.42 44.86 [1000, 1100] [2.8, 57] [1070, 1170]

23 0.25 87.6 0.97 0.88 1301.6 280.95 48.48, 48.21 [350, 680], [370, 710] [3.53, 60.35], [2, 63] [400, 650], [350, 680]

24 0.27 88.56 0.9 0.88 1199.48 240.55 48.58, 47.79 [270, 580], [330, 650] [2.5, 64] [250, 570]

25 0.3 90.1 0.79 0.87 1006.31 182.86 49 [130, 440] [2.9, 66.4] [140, 430]

𝛼1

26 0.1 85.47 1.09 0.865 1480.35 372.43 54.61, 56.1 [10, 460], [10, 550] [12, 60] [500, 1290]

27 0.3 85.47 1.13 0.86 1429.05 384.01 44.86 [1000, 1100] [2.8, 57] [1070, 1170]

28 0.5 85.47 1.16 0.866 1370.41 395.68 55.25, 55.65 [10, 520], [10, 490] [1.5, 58.79] [500, 1290]

29 1 85.49 1.24 0.867 1190.52 425.22 55.4, 55.92 [10, 510], [10, 470] [2.8, 56.65] [500, 1290]

30 1.5 85.5 1.33 0.868 960.81 455.279 55.27, 55.45 [10, 520], [10, 510] [1.98, 58.42] [500, 1290]

(2) If the manufacturer attempts to persuade the retailer to cooperate under TPTO, this collaboration transfers
the risk of product waste from the retailer to the manufacturer. As a result, TPTO is more beneficial to
the retailer. whereas, TPT yields a higher profit to the manufacturer.

(3) If the manufacturer selects TPTO as a coordination mechanism, it requires some infrastructure, like an
advanced inventory management system, to monitor the inventory level. Data is another requirement to
determine the values of four parameters.

(4) In addition to the fact that implementing TPT is simpler than TPTO, we proved that TPT performance
is 100% which is profitable for the manufacturer as the game leader. Therefore, it should choose TPT as a
cooperation tool.

(5) Due to the existing constraints, changes in the parameter amounts are suggested to be made carefully
since the experimental outcomes prove that a slight change in a parameter value may render the problem
solutions infeasible.

8. Conclusion

This paper investigated sustainable supply chain pricing and coordinating issues with one manufacturer
and one retailer, considering production and selling periods. Regarding the sustainable level and selling price-
dependent and stochastic demand, the retailer placed its order to the manufacturer during the production period.
This problem considered the carbon cap-and-trade regulation imposed by the government, and assuming that
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the carbon emissions occurred during the production period, the manufacturer endeavored to provide some
proper production equipment to adopt this rule. It was also assumed that because the manufacturer kept the
raw materials (for example, unpasteurized milk) in the refrigerator, the retailer paid the holding cost to the
manufacturer and stored its order using the intended refrigerator in the selling period. The carbon emissions of
the refrigerator was ignored.

The centralized and decentralized scenarios of the problem were not only solved exactly and heuristically but
also yielded significant findings. Using TPT and a new contract, TPTO, to coordinate the decisions of the retailer
and manufacturer is proved highly effective. Two developed heuristic algorithms succeeded in coordinating the
decisions and yielding win–win outcomes. Both contracts improved the sustainable level of the chain compared
with that of the decentralized scenario. In addition, we found that TPT was more profitable to the manufacturer.
However, TPTO was more beneficial to the retailer. The experimental results proved that TPT succeeded in
representing win–win outcomes for all experiments; however, the performance of TPTO in this regard was
gained by 87%. The outcomes revealed that small parameter changes caused the problem to be infeasible due
to some constraints defined during problem analysis.

The complexity of the problem was further highlighted by the stochastic demand, which posed a signifi-
cant challenge during this study. Due to this assumption, representing an exact solution for the decentralized
problem was complicated. Therefore, presenting exact solutions for this problem might require some analytical
approaches, which are considered as future chances to study. Information sharing, as a crucial factor in supply
chain coordination problems, can be considered as the other future research direction intensifying the applica-
tion of this problem. Other future research suggestions are to expand the intended problem and examine some
inventory management systems like VMI, study other carbon emissions reduction methods like carbon tax rule
in both production and storage periods, and coordinate the problem by other contracts like revenue-sharing
mechanism. These challenges underscore the need for further research in this area.

Data availability statement
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[15] J. Colmer, R. Martin, M. Muûls and U.J. Wagner, Does pricing carbon mitigate climate change? Firm-level evidence
from the European union emissions trading system. Rev. Econ. Stud. 92 (2025) 1625–1660.

[16] J.H. Dales, Pollution, Property and Prices. Edward Elgar Publishing (2002).
[17] M. Das, M. Rahaman, S. Alam and D.K. Jana, Developing sustainable and efficient customer-centric strategies for a

three-stage dual-channel green supply chain: a game-theoretic approach with two-part tariff contract: M. Das et al.
Environ. Dev. Sustain. 27 (2025) 29537–29563.

[18] M. Dehghan-Bonari, A. Bakhshi, A. Aghsami and F. Jolai, Green supply chain management through call option
contract and revenue-sharing contract to cope with demand uncertainty. Clean. Logistics Supply Chain 2 (2021)
100010.

[19] S.K. Dey and B.C. Giri, Coordination of a sustainable reverse supply chain with revenue sharing contract. J. Ind.
Manage. Optim. 18 (2022) 1–24.

[20] H.M. Dolat-Abadi, Optimizing decisions of fresh-product members in daily and bourse markets considering the
quantity and quality deterioration: a waste-reduction approach. J. Clean. Prod. 283 (2021) 124647.

[21] C. Dong, B. Shen, P.-S. Chow, L. Yang and C.T. Ng, Sustainability investment under cap-and-trade regulation.
Ann. Oper. Res. 240 (2016) 509–531.

[22] Y. Gao, J. Xu and H. Xu, A flexible cap-and-trade policy and limited demand information effects on a sustainable
supply chain. Sustainability 13 (2021) 10746.

[23] S.K. Ghosh and P. Goswami, Green initiative in a two-echelon supply chain with co-ordination and contract. RAIRO-
Oper. Res. 58 (2024) 1147–1161.

[24] D. Ghosh and J. Shah, A comparative analysis of greening policies across supply chain structures. Int. J. Prod.
Econ. 135 (2012) 568–583.

[25] S.-Q. Gu, Y. Liu and G. Zhao, Pricing coordination of a dual-channel supply chain considering offline in-sale service.
J. Retail. Consum. Serv. 75 (2023) 103483.

[26] M.D. Hathaway, Exploring cap-and-trade: a california case study (2018).

[27] J. Heydari and Y. Norouzinasab, A two-level discount model for coordinating a decentralized supply chain considering
stochastic price-sensitive demand. J. Ind. Eng. Int. 11 (2015) 531–542.

[28] C.-C. Hsieh and A. Lathifah, Exploring the spillover effect and supply chain coordination in dual-channel green
supply chains with blockchain-based sales platform. Comput. Ind. Eng. 187 (2024) 109801.

[29] C.-C. Hsieh, Y.-L. Chang and C.-H. Wu, Competitive pricing and ordering decisions in a multiple-channel supply
chain. Int. J. Prod. Econ. 154 (2014) 156–165.

[30] J.D. Jenkins, Political economy constraints on carbon pricing policies: What are the implications for economic
efficiency, environmental efficacy, and climate policy design? Energy Policy 69 (2014) 467–477.

[31] C. Ji and X. Liu, Design of risk sharing and coordination mechanism in supply chain under demand and supply
uncertainty. RAIRO-Oper. Res. 56 (2022) 123–143.

[32] C. Lessmann and N. Kramer, The effect of cap-and-trade on sectoral emissions: evidence from California. Energy
Policy 188 (2024) 114066.

[33] J.-C. Li, Y.-W. Zhou and W. Huang, Production and procurement strategies for seasonal product supply chain
under yield uncertainty with commitment-option contracts. Int. J. Prod. Econ. 183 (2017) 208–222.

[34] H. Li, K. Yang and G. Zhang, The impact of online reviews on pricing strategy and coordination in a two-period
two-echelon supply chain. INFOR: Inf. Syst. Oper. Res. 61 (2023) 1–33.

[35] B. Lin and Z. Jia, The impact of emission trading scheme (ETS) and the choice of coverage industry in ETS: a case
study in China. Appl. Energy 205 (2017) 1512–1527.

[36] A. Mahmoodi and K. Eshghi, Price competition in duopoly supply chains with stochastic demand. J. Manuf. Syst.
33 (2014) 604–612.

[37] B. Marchi, S. Zanoni, L. Zavanella and M. Jaber, Supply chain models with greenhouse gases emissions, energy
usage, imperfect process under different coordination decisions. Int. J. Prod. Econ. 211 (2019) 145–153.

[38] Q. Meng, Z. Kao, Y. Guo and C. Bao, An emergency supplies procurement strategy based on a bidirectional option
contract. Soc.-Econ. Planning Sci. 87 (2023) 101515.

[39] C. Mondal and B.C. Giri, Analyzing a manufacturer-retailer sustainable supply chain under cap-and-trade policy
and revenue sharing contract. Oper. Res. 22 (2022) 4057–4092.



TWO-STAGE STOCHASTIC PRICING AND COORDINATING PROBLEM 25

[40] S. Paltsev, J.M. Reilly, H.D. Jacoby, A.C. Gurgel, G.E. Metcalf, A.P. Sokolov and J.F. Holak, Assessment of US
GHG cap-and-trade proposals. Clim. Policy 8 (2008) 395–420.

[41] Q. Peng, C. Wang and L. Xu, Emission abatement and procurement strategies in a low-carbon supply chain with
option contracts under stochastic demand. Comput. Ind. Eng. 144 (2020) 106502.

[42] N.C. Petruzzi and M. Dada, Pricing and the newsvendor problem: a review with extensions. Oper. Res. 47 (1999)
183–194.

[43] M.R. Rahman, A.K. Misra and S. Kumar, A financial supply chain on corporate working capital and interbank lines
of credit. Int. Rev. Finan. Anal. 91 (2024) 102965.

[44] M. Reisinger, Two-part tariff competition between two-sided platforms. Eur. Econ. Rev. 68 (2014) 168–180.

[45] J. Ren, Y. Bian, X. Xu and P. He, Allocation of product-related carbon emission abatement target in a make-to-order
supply chain. Comput. Ind. Eng. 80 (2015) 181–194.

[46] K.S. Rogge and V.H. Hoffmann, The impact of the EU ETS on the sectoral innovation system for power generation
technologies – findings for Germany. Energy Policy 38 (2010) 7639–7652.

[47] S. Saha, A.F. Alrasheedi, M.A.-A. Khan and A.K. Manna, Optimal strategies for green investment, sharing contract
and advertisement effort in a supply chain coordination problem. Ain Shams Eng. J. 15 (2024) 102595.

[48] M. San Mart́ın and A.I. Saracho, Optimal two-part tariff licensing mechanisms. Manchester School 83 (2015) 288–
306.

[49] X. Shen, L. Bao and Y. Yu, Coordinating inventory and pricing decisions with general price-dependent demands.
Prod. Oper. Manage. 27 (2018) 1355–1367.

[50] Z. Shi, N. Wang, T. Jia and H. Chen, Reverse revenue sharing contract versus two-part tariff contract under a
closed-loop supply chain system. Math. Prob. Eng. 2016 (2016) 1–15.

[51] T. Shinkuma and H. Sugeta, Tax versus emissions trading scheme in the long run. J. Environ. Econ. Manage. 75
(2016) 12–24.

[52] S. Swami and J. Shah, Channel coordination in green supply chain management. J. Oper. Res. Soc. 64 (2013)
336–351.

[53] A.A. Taleizadeh, M. Noori-daryan and R. Tavakkoli-Moghaddam, Pricing and ordering decisions in a supply chain
with imperfect quality items and inspection under buyback of defective items. Int. J. Prod. Res. 53 (2015) 4553–4582.
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Appendix A. Proving concavity of the retailer’s profit in the centralized supply chain scenario

There are three decision variables namely 𝑝, 𝑧, and 𝑠 in equation (4.1). The concavity of equation (4.1) regarding
three variables should be analyzed and Hessian matrix of the variables should be established as follows. Subsequently,
the concavity of equation (4.1) considering the three variables should be analyzed jointly.

𝐻 =

⎡

⎢⎢⎢⎣

𝜕2Π𝐶
𝜕𝑝2

𝜕2Π𝐶
𝜕𝑧𝜕𝑝

𝜕2Π𝐶
𝜕𝑠𝜕𝑝

𝜕2Π𝐶
𝜕𝑝𝜕𝑧

𝜕2Π𝐶
𝜕𝑧2

𝜕2Π𝐶
𝜕𝑠𝜕𝑧

𝜕2Π𝐶
𝜕𝑝𝜕𝑠

𝜕2Π𝐶
𝜕𝑧𝜕𝑠

𝜕2Π𝐶
𝜕𝑠2

⎤

⎥⎥⎥⎦
. (A.1)

Now, the first and second derivatives of the variables are calculated as:

𝜕2Π𝐶

𝜕𝑝2
= −2𝛼 min((1− 𝜃)𝑧, 𝜀) = 𝛿1 ≤ 0 (A.2)

𝜕2Π𝐶

𝜕𝑝2
= −2𝛼 min((1− 𝜃)𝑧, 𝜀) = 𝛿1 ≤ 0 (A.3)

𝜕2Π𝐶

𝜕𝑠𝜕𝑝
=

𝜕2Π𝐶

𝜕𝑝𝜕𝑠
= −𝛼𝑏𝑐𝑒𝑧 + 𝛼1 min((1− 𝜃)𝑧, 𝜀) = 𝛿3 ≤ 0 (A.4)

𝜕2Π𝐶

𝜕𝑧2
=
−𝑝(1− 𝜃)2𝐷

𝑓 − 𝑒
= −𝑝(1− 𝜃)2𝐷𝑓(𝑥) = 𝛿4 ≤ 0 (A.5)

𝜕2Π𝐶

𝜕𝑠𝜕𝑧
=

𝜕2Π𝐶

𝜕𝑧𝜕𝑠
= 𝑐𝑒𝑏𝐷 − 𝛼1(𝑐𝑝 + ℎ𝑚 + 𝑐𝑒(𝑎− 𝑏𝑠)) +

𝛼1(1− 𝜃)𝑝(𝑓 − (1− 𝜃)𝑧)

𝑓 − 𝑒
= 𝛿5 ≥ 0 (A.6)
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𝜕2Π𝐶

𝜕𝑠2
= −𝜂 + 2𝑐𝑒𝑏𝛼1𝑧 = 𝛿6 ≤ 0. (A.7)

The determinant and sub-determinants of the Hessian matrix are analyzed here:

𝜕2Π𝐶

𝜕𝑝2
= 𝛿1 ≤ 0;

𝜕2Π𝐶

𝜕𝑧2
= 𝛿4 ≤ 0;

𝜕2Π𝐶

𝜕𝑧𝜕𝑝
=

𝜕2Π𝐶

𝜕𝑝𝜕𝑧
= 𝛿2 (A.8)

⃒⃒
⃒⃒
⃒⃒

𝜕2Π𝐶
𝜕𝑝2

𝜕2Π𝐶
𝜕𝑧𝜕𝑝

𝜕2Π𝐶
𝜕𝑝𝜕𝑧

𝜕2Π𝐶
𝜕𝑧2

⃒⃒
⃒⃒
⃒⃒ =

𝜕2Π𝐶

𝜕𝑝2

𝜕2Π𝐶

𝜕𝑧2
− 𝜕2Π𝐶

𝜕𝑧𝜕𝑝

𝜕2Π𝐶

𝜕𝑝𝜕𝑧
= 𝛿1𝛿4 − 𝛿2

2 ≥ 0. (A.9)

Equation (A.9) will be positive if equation (4.2) is met.
To prove the concavity of the third sub-determinant, equation (A.1) is rewritten as:

𝐻 = 𝛿1

(︀
𝛿4𝛿6 − 𝛿2

5

)︀
− 𝛿2(𝛿2𝛿6 − 𝛿5𝛿3) + 𝛿3(𝛿2𝛿5 − 𝛿4𝛿3) = 𝛿1𝛿4𝛿6 − 𝛿1𝛿

2
5 − 𝛿2

2𝛿6 + 2𝛿2𝛿5𝛿3 − 𝛿4𝛿
2
3 . (A.10)

If equation (4.3) is satisfied, the determinant sign of the third sub-determinant is negative. Therefore, under the conditions
of meeting equation (4.2) and equation (4.3), the concavity of the Hessian matrix is proved. This result declares that
equation (4.1) is concave considering its variables.

Appendix B. Proving concavity of the retailer’s profit in the decentralized supply chain scenario

To obtain the best responses of 𝑝 and 𝑧, Hessian matrix of equation (3.3) concerning 𝑝 and 𝑧 should be analyzed as
follows:

𝜕2Π𝑟

𝜕𝑝2
= 𝛿1 ≤ 0;

𝜕2Π𝑟

𝜕𝑧2
= 𝛿4;

𝜕2Π𝐶

𝜕𝑧𝜕𝑝
=

𝜕2Π𝐶

𝜕𝑝𝜕𝑧
= 𝛼(ℎ𝑟 + 𝑤)− (𝛼(1− 𝜃)𝑝− (1− 𝜃)𝐷)(𝑓 − (1− 𝜃)𝑧)

𝑓 − 𝑒
= 𝛿7 (B.1)

⃒⃒
⃒⃒
⃒⃒

𝜕2Π𝑟
𝜕𝑝2

𝜕2Π𝑟
𝜕𝑧𝜕𝑝

𝜕2Π𝑟
𝜕𝑝𝜕𝑧

𝜕2Π𝑟
𝜕𝑧2

⃒⃒
⃒⃒
⃒⃒ =

𝜕2Π𝑟

𝜕𝑝2

𝜕2Π𝑟

𝜕𝑧2
− 𝜕2Π𝑟

𝜕𝑧𝜕𝑝

𝜕2Π𝑟

𝜕𝑝𝜕𝑧
= 𝛿1 × [−(𝑝𝑓(𝑥)]− [𝐹 (𝑧)]2. (B.2)

The first sub-determinant (Eq. (B.1)) is negative, and the second sub-determinant (Eq. (B.2)) will be positive if equation
(4.12) is met. Therefore, the concavity of Hessian matrix is proved.

Appendix C. Proving concavity of the retailer’s profit in TPTO contract

The Hessian matrix of equation (5.3) is analyzed as follows:

𝜕2Π𝑟

𝜕𝑝2
= 𝛿1 ≤ 0,

𝜕2Π𝐶

𝜕𝑧2
=
−(𝑝− 𝑒𝑥)(1− 𝜃)2𝐷

𝑓 − 𝑒
= −(𝑝− 𝑒𝑥)(1− 𝜃)2𝐷𝑓(𝑥) = 𝛿8 ≤ 0,

𝜕2Π𝐶

𝜕𝑝𝜕𝑧
= 𝛼(ℎ𝑟 + 𝑜)− (𝛼(1− 𝜃)(𝑝− 𝑒𝑥)− (1− 𝜃)𝐷)(𝑓 − (1− 𝜃)𝑧)

𝑓 − 𝑒
= 𝛿9 (C.1)

⃒⃒
⃒⃒
⃒⃒

𝜕2Π𝑟
𝜕𝑝2

𝜕2Π𝑟
𝜕𝑧𝜕𝑝

𝜕2Π𝑟
𝜕𝑝𝜕𝑧

𝜕2Π𝑟
𝜕𝑧2

⃒⃒
⃒⃒
⃒⃒ =

𝜕2Π𝑟

𝜕𝑝2

𝜕2Π𝑟

𝜕𝑧2
− 𝜕2Π𝑟

𝜕𝑧𝜕𝑝

𝜕2Π𝑟

𝜕𝑝𝜕𝑧
= 𝛿1 × 𝛿8 − 𝛿9

2 ≥ 0⇒ 𝛿1 × 𝛿8 ≥ 𝛿9
2. (C.2)

The first sub-determinant sign is negative. The positive sign of equation (C.2) and therefore, the concavity of the Hessian

matrix will be proved if equation (5.9) is met. Therefore, solving 𝜕Π𝑟
𝜕𝑝

= 0 and 𝜕Π𝑟
𝜕𝑧

= 0 gives the best responses of 𝑝𝑡𝑝𝑡𝑜

and 𝑧𝑡𝑝𝑡𝑜.
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