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Abstract: In this study, we consider robust emission reduction strategies for a monopolistic man-
ufacturer facing demand uncertainty under governments’ cap-and-trade regulations. We model
the manufacturer’s decision making and associated profits under four different emission reduction
strategies: no mitigation measure, undertaking remanufacturing, improving the greening level, and
both remanufacturing and improving the greening level. We find that the cap-and-trade regulation
enhances the manufacturer’s motivation to be engaged in reducing carbon emissions. Furthermore,
the manufacturer’s optimal choice of emissions reduction strategy depends on the level of carbon
trading price and the degree of demand uncertainty. Specifically, there exists a threshold of carbon
trading price at which the manufacturer’s optimal emissions reduction strategy will change. When
the carbon trading price is low (below the threshold), the best strategy for the manufacturer to reduce
emissions is to improve the greening level of the products. When the carbon trading price is high
(above the threshold), the manufacturer should consider both remanufacturing and improving the
greening level. Moreover, the threshold of the carbon trading price is further impacted by the demand
uncertainty. With market demand uncertainty rising, the threshold of carbon trading price increases
as well. Finally, we find raising the carbon trading price may not necessarily benefit the environment.
Overpriced carbon trading may hurt the manufacturer’s production instead of encouraging them to
take emission reduction measures.

Keywords: cap-and-trade; remanufacturing; greening level; green technology innovation; emission
reduction strategies

1. Introduction

With growing concerns over environmental pollutants in recent years, many countries
and regions have introduced various types of regulations and policies to reduce carbon
emissions, such as carbon taxes and cap-and-trade [1]. Among these, cap-and-trade is
one of the most common programs implemented by governments around the world. Cap-
and-trade is a market-based scheme in which governments allow firms to discharge a
specified quantity of pollutants and purchase extra quotas in trading centers when needed.
For example, in the USA, California was the first state which initiated the cap-and-trade
program in 2011. China, as the world’s largest greenhouse gas (GHG)-emission country,
officially launched the national carbon emission trading scheme (ETS) in 2021. Meanwhile,
not only governments but also consumers are becoming more environmentally conscious.
A recent global survey reported that more than 80% of consumers indicated a significant
preference for green products [2,3]. This indicates consumers are more aware of the
potential environmental impact of the products they are about to purchase. Under this
situation, every manufacturing company needs to consider the environmental impacts of
their production and products more than ever [4].

In practice, there exist different ways for manufacturers to reduce their negative
environmental impacts, such as eco-design engineering and material substitution. Among
these, it is widely reported in the existing literature [5] that remanufacturing and greening
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products are the most effective ways to reduce carbon emissions. Remanufacturing is the
rebuilding of a product to the specifications of the original product using a combination of
reused, repaired, and new parts. Compared with producing new products, remanufacturing
can reduce 80% of gas emissions and save 50% of costs [6]. Many leading electronics brands,
such as Xerox, Apple Inc., and Hewlett-Packard (HP), have launched remanufacturing
programs. For example, HP launched the ‘HP Planet Partners’ program in 1991 and claimed
that it has recycled more than 875 million ink and toner cartridges since then [7]. Greening
products is another prominent way to reduce carbon emissions. It refers to improving
the green level of products by transforming the product into a more environmentally
sustainable version. For example, Apple Inc. has been working on using green materials in
its new products. The latest version of the MacBook Pro comes with an enclosure made
with 100 percent recycled aluminum, plus 100 percent recycled tin used in the solder of its
main logic board in 2021.

Meanwhile, over the last two decades, we have witnessed the instability and fragility
of global supply chains. Due to globally distributed consumers and supply chain partners,
manufacturers are more vulnerable to unexpected regional events, such as the COVID-19
pandemic. Within this context, manufacturers need to deal more frequently with increased
uncertainty in market demand. Inaccurate forecasts about future demands may lead to
out-of-stock or mispricing, which may further cause severe operational risks in the worst
cases [8]. Therefore, it is crucial for manufacturers to make robust operational decisions
that are capable of coping with uncertainty in demand [9].

Motivated by the observations above, with this study we aim to investigate manu-
facturers’ robust choice of emission reduction strategies under cap-and-trade regulations
when facing demand uncertainty. Specifically, we consider a monopolistic manufacturer
under the government’s cap-and-trade regulation. Facing uncertainty in demand, the man-
ufacturer needs to choose an emission reduction strategy to maximize its profit in the worst
case. There exist four different emission reduction strategies: (1) no mitigation measure,
(2) undertaking remanufacturing, (3) greening products, and (4) undertaking remanufac-
turing and greening products. We first use game theory to model the manufacturer’s
decision making under each emission reduction strategy. Next, with a distribution-free
approach, the optimal robust decision making and the associated profits are found under
each strategy. After that, we compare the manufacturer’s optimal business performance
under each strategy and determine the best emission reduction strategy.

Different from previous research, this study explores the selection of robust emission
reduction strategies when demand uncertainty arises. Although there is some discussion
about manufacturers’ emission reduction strategies in the literature [10,11], uncertainty
in demand is largely ignored. The risk caused by fluctuations in demand may prevent
manufacturers from engaging in carbon emission reduction [12,13]. However, on the other
hand, the enforcement of the cap-and-trade regulation drives manufacturers to adopt emis-
sion reduction measures to reduce their production costs. The trade-off between these two
choices and subsequent consequences presents important implications for manufacturers
and should not be ignored in emission reduction strategies. In addition, previous studies
about demand uncertainty have primarily focused on the enterprises’ optimal decision
making regarding pricing, production, and inventory [14,15]. Its impact on enterprises’
engagement in emission reduction activities remains unclear. Therefore, by this study, we
seek to address the following research questions:

1. How do the carbon trading price and demand uncertainty affect manufacturers’
choice of robust emission reduction strategies?

2. What are the impacts of the carbon trading price on manufacturers’ robust decision
making (i.e., retail price, safety stock level, and greening level of products) under different
emission reduction strategies?

3. What are the impacts of the degree of demand uncertainty on the manufacturer’s
robust decision making (i.e., retail price, safety stock level, and greening level of products)
under different emission reduction strategies?
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To address these questions, we built an analytical framework to incorporate the con-
sideration of the carbon trading price and the demand uncertainty into the manufacturer’s
choice of robust emission reduction strategy. We first formulate a benchmark model without
any emission reduction operations and then extend it to three other models with different
emission reduction strategies. Our key findings are summarized as follows.

• The implementation of cap-and-trade regulations prompts manufacturers to pursue
measures to reduce emissions. The optimal choice of robust emission reduction strat-
egy depends on the carbon trading price. Specifically, there exists a threshold for the
carbon trading price. When the trading price is below the threshold, the manufac-
turer prefers to reduce emissions by improving the greening level of products. When
the trading price is above the threshold, the manufacturer chooses to reduce carbon
emissions by remanufacturing and improving the greening level simultaneously.

• The optimal choice of robust emission reduction strategy also depends on the degree
of demand uncertainty, since the value of the threshold for the carbon trading price is
impacted by the degree of demand uncertainty. As the market demand becomes more
uncertain, the value of the threshold for the carbon trading price increases. It indicates
that a higher volatility in demand makes the manufacturer more conservative in
taking more emission reduction measures.

• The carbon trading price has a significant impact on the manufacturer’s strategic
decisions. However, a higher carbon trading price may not necessarily benefit en-
vironmental protection. Overpriced carbon trading may force the manufacturer to
reduce its production and sell its carbon quota.

The remainder of this study is structured as follows. In Section 2, we review related
studies in the literature and highlight our contribution. Section 3 describes the problem in
detail and presents basic assumptions. Section 4 develops four different game models and
derives corresponding equilibrium results. Numerical analysis is conducted in Section 5.
Section 6 concludes the study with managerial insights and further research directions. For
the sake of clarity, all proofs are provided in Appendix A.

2. Literature Review

Three research streams are related to our study: (1) manufacturers’ decision making
with consideration of demand uncertainty, (2) impacts of cap-and-trade regulations on
operational management, and (3) manufacturers’ emission reduction strategies. In this
section, studies in the above three streams will be reviewed, and the differences between
our study and the previous literature will be elaborated.

2.1. Demand Uncertainty

The prevailing volatility in the business environment is one of the major factors that impact
the operations management of manufacturers [16]. Many researchers have discussed manu-
facturers’ operational decision making in consideration of demand uncertainty [13–15,17–24].
Ramezani et al. [17] developed a stochastic multi-objective optimization model to identify
Pareto equilibrium under an uncertain environment in which prices, costs, market de-
mands, and return rates are uncertain. Kim et al. [18] investigated the impacts of demand
uncertainty and recycling difficulties on manufacturers’ decision making. Choi et al. [19]
examined manufacturers’ pricing strategies considering demand uncertainty and risk aver-
sion in mass customization (MC) supply chains. Their analysis indicates that a higher
demand uncertainty requires retailers to provide extra credit deposits to avoid loss of
profits. Weskamp et al. [14] employed a two-stage stochastic mixed-integer linear program-
ming (SMIP) model to investigate the integrated production and distribution strategies
with stochastic demand under static and stochastic conditions. Their analysis demon-
strates that postponement strategies play a significant role in boosting corporate profit.
Modak and Kelle [15] analyzed the optimal pricing, production, and delivery strategies of
a dual-channel supply chain in which there is a price and delivery time-dependent stochas-
tic demand. Their results showed that the distribution-free approach (quantity discount
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contract and franchise fee contract) is effective in reducing the double marginalization
of the manufacturer and the retailer. Li et al. [20] explored pricing and remanufacturing
strategies of a monopoly manufacturer with stochastic demand and yield. They found that
a First-Remanufacturing-Then-Pricing (FRTP) strategy is more effective when there is un-
certainty in demand. Ghosh et al. [21] compared the manufacturer’s channel configurations
(single retail channel, single e-tail channel, and dual-channel) under stochastic demand.
They concluded that the random demand resulting from consumer behavior affects the
performance of the whole supply chain. Peng et al. [13] elaborated on the carbon emission
reduction and procurement quantity strategies of a low-carbon supply chain with demand
uncertainty under centralized and decentralized scenarios. They proposed a unidirectional
option (UO) contract and a bidirectional option (BO) contract to improve the performance
of the supply chain members. Their analysis indicates that the bidirectional option contract
can significantly benefit social welfare and environmental protection. Wang et al. [22] dis-
cussed the supplier’s and the retailer’s optimal green technology investment under demand
uncertainty. They concluded that offering incentive mechanisms can effectively induce
the retailer to participate in the green technology investment. Li and Li [23] considered
the financial constraints and demand uncertainty of sustainable supply chain members
and proposed a revenue-sharing (RS) and buy-back (RSBB) contract to coordinate the
supply chain. Wu and Shang [24] modeled a green supply chain consisting of a supplier, a
government, a leader retailer, and a follower retailer to investigate the greening operational
decisions and information leakage decisions under demand uncertainty. They concluded
that consumer surplus and social welfare will decline as the uncertainty of the supply
chain increases.

2.2. Cap-and-Trade Regulation

The cap-and-trade regulation is widely discussed in the existing literature as a mea-
sure of governments or institutions to curb carbon emissions [25]. Many studies have
shown that it plays a significant role in promoting environmental protection and social
welfare [26]. He et al. [27] examined the optimal pricing and carbon emission decisions with
price- and emission-dependent demand under the cap-and-trade regulation. Wang and
Wu [5] investigated a manufacturer’s carbon emission reduction and end-of-life product
collection strategies under the cap-and-trade regulation. They analyzed the impact of price
limitations set by governments for carbon trading on closed-loop supply chain operations.
Yang et al. [28] addressed how compliance and non-compliance behavior of closed-loop
supply chain members impact their optimal responses to the cap-and-trade regulation and
identified the conditions under which manufacturers are encouraged to remanufacture and
curb carbon emission. They suggested that instead of tightening regulations, governments
and institutions should adopt a variety of measures to encourage remanufacturing or green
production. Ghosh et al. [21] verified the impact of consumers’ low carbon preference on
retail channel selection and carbon emission strategies under stochastic demand and cap-
and-trade regulation. They found that both buyback contracts and reduction task-sharing
contracts can benefit all the members of the supply chain. Wang et al. [29] investigated
optimal pricing strategies under three different carbon trading options: (1) no carbon trade;
(2) inner carbon trade; and (3) inner and outer carbon trade. They revealed that the transfer
payment mechanism could significantly benefit the supply chain members and improve
the effectiveness of the carbon trading mechanism. Kushwaha et al. [30] developed a
mixed-integer linear programming model to find a manufacturer’s optimal combination of
collection channels under the cap-and-trade regulation. Taleizadeh et al. [31] elaborated on
the pricing and coordination decisions in a dual-channel supply chain under the cap-and-
trade regulation. Qian et al. [12] considered channel optimal coordination strategies in a
sustainable supply chain consisting of a responsible manufacturer and a retailer with fair-
ness concern under the cap-and-trade regulation. They concluded that the carbon emission
per product is the highest under wholesale price contracts. Zhang et al. [32] considered the
impacts of the cap-and-trade regulation on a three-echelon closed-loop supply network.
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They suggest that a reasonable free initial carbon quota should be set for all members in the
closed-loop supply network. Zhao et al. [33] explored the factors affecting the use of renew-
able energy by Chinese companies under the cap-and-trade regulation. They concluded
that enterprises’ decision making cannot just be based on long-term costs, but also needs to
take into account a number of other factors, such as social responsibility and brand image.
Guo et al. [7] discussed how the assimilation effect in consumer purchase behavior impacts
the original equipment manufacturer’s choice of remanufacturing engagement under the
cap-and-trade regulation.

2.3. Emission Reduction Strategies

A wide range of strategies is available to help manufacturers reduce their carbon
emissions, such as installing gas purification equipment, updating production equipment,
remanufacturing, and improving the greening level of products [34]. In this study, we focus
on two major emission reduction strategies: remanufacturing and improving the greening
level of the products. Modak and Kelle [15] examined how corporate social responsibil-
ity (CSR) benefits companies’ revenue by considering carbon emission tax and demand
uncertainty in a closed-loop supply chain. They reported that the recovery of end-of-life
products can benefit both cost-saving and carbon emission reduction. Chang et al. [34]
studied a monopolist manufacturer’s quantity decisions about new and remanufactured
products in a two-period planning horizon with carbon emission regulation. Their results
suggested that setting a reasonable trading price can motivate manufacturers to regulate
their production and control carbon emissions under the carbon cap and trade mechanism.
Zhang et al. [35] examined the circumstances under which the joint emission reduction
strategy can effectively improve supply chain members’ environmental performance. Their
results show that environmental regulation is more effective when there is a cost-revenue-
sharing contract between supply chain members. Mondal and Giri [36] investigated the
coordination and competition problems with the consideration of products’ greening level
under the cap-and-trade regulation. They found that both the government subsidy and
regulation can benefit the overall supply chain performance. Later, they extended this study
to a two-echelon sustainable supply chain and demonstrated the increase in carbon trading
cost will improve the greening level of the products, thereby reducing the carbon emis-
sions [3]. Zhang and Liu [37] considered the impact of the greening level of the products on
cooperative decision making and coordination mechanisms in a three-level green supply
chain. Jian et al. [38] investigated the impact of consumers’ fairness concern on marketing
efforts, greening level of the products, recycling rates, and pricing of a supply chain and
demonstrated the effectiveness of profit-sharing contracts for Pareto improvement of the
supply chain performance. Lee and Yoon [39] explored supply chain members’ optimal
price and sustainability efforts in the context of sustainability innovation and carbon emis-
sion constraints. They found that the higher the carbon cap set by the government, the
greater the sustainability efforts the supply chain makes.

As we discussed above, cap-and-trade regulation is one of the most widely used
systems of reducing carbon emissions globally, which encourages manufacturers to adopt
emission reduction measures effectively. Although some studies discussed the selection
of emission reduction strategies under the cap-and-trade regulation, the role of demand
uncertainty is largely ignored [36,38]. Previous studies emphasize the role played by
demand uncertainty on various types of operational strategies made by firms [14,15,19–23].
However, its impacts on emission reduction strategy remains unknown in the extant
literature. For instance, fluctuations in demand may sub-optimize an emission reduction
strategy which is the best when the demand is assumed to be constant. Motivated by this
research question, we investigate manufacturers’ selection of emission reduction strategies.
This study contributes to the literature by discussing robust emission reduction strategies
with demand uncertainty under the cap-and-trade regulation, which more realistically
reflects recent practice. The discriminating and important features of the aforementioned
studies are framed in Table 1.
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Table 1. A comparison of this study with the previous studies in demand uncertainty, cap-and-trade
regulation, and emission reduction strategies.

Reference Demand
Uncertainty

Cap-and-Trade
Regulation

Emission Reduction
Strategies Remanufacturing Improve

Greening Level

Qian et al. [12] X X X
Peng et al. [13] X X
Kim et al. [18] X X

Wu and Shang [24] X X
He et al. [27] X X X

Wang et al. [29] X X
Zhang et al. [35] X

Mondal and Giri [36] X X X
this study X X X X X

3. Problem Description

In this study, we consider a monopolistic manufacturer’s selection of robust emission
reduction strategies under the cap-and-trade regulation when facing demand uncertainty.
Specifically, we examine and compare four different emission reduction strategies: (1) no
mitigation measures at all (benchmark), (2) undertaking remanufacturing, (3) improving the
greening level of the product, and (4) remanufacturing plus improving the greening level.

This manufacturer is under the government’s cap-and-trade regulation and needs
to decide whether and how to reduce its carbon emissions to maximize its profit in the
worst case. At the beginning of each production cycle, the manufacturer obtains a free
quota of carbon emissions from the government, which is et. In addition, there exists
an independent carbon trading center where the manufacturer can trade carbon quotas
with other firms if necessary. For example, at the end of the production cycle, if the
manufacturer’s total carbon emission exceeds the government-granted quota, it needs
to purchase extra carbon quotas from the carbon trading center. Otherwise, it needs to
pay huge fines imposed by the government. However, if the manufacturer’s total carbon
emissions are below the government-granted quota, it can sell the remaining quota to other
firms in the trading center. Following the literature [40], we assume that the manufacturer
buys and sells the carbon quota at the same price, which is pc.

If the manufacturer chooses to reduce carbon emissions through undertaking remanu-
facturing, it is responsible for producing new and remanufactured products and selling
them to the same market. Following the literature [41], we assume that there is no difference
in quality between the two products; thus the price of the remanufactured product is the
same as that of the new one, which is p. For example, Eastman Kodak Company promised
that their remanufactured single-use cameras would be indistinguishable from the new
ones, and they typically charge the same price for both of them. Let cn and cr represent the
unit production cost of the new and remanufactured products. In practice, the production
of a remanufactured product is less costly than that of a new one, namely cr < cn [41].

In addition, the unit carbon emission of a new product is given by en − θg, where en is
the original carbon emission of the new product, θ indicates the effect of greening products
on carbon emission reduction which lies in (0, 1), and the greening level is denoted by g.
Furthermore, the unit carbon emission of the remanufactured product is denoted by er.
We further assume that the remanufactured product cuts the carbon emission by γ, which
leads to er = (1− γ)(en − θg), where 0 < γ < 1. Given the above discussion, the value of
γ also reflects the carbon emission advantage of remanufacturing.

Similar to previous studies [5,41,42], the corresponding total collection cost C(τ) is

assumed to be a strictly convex function of the return rate. Specifically, C(τ) = λ1τ2

2 , where
λ1 > 0 is a scaling parameter. We assume that the manufacturer is responsible for recycling
end-of-life products directly from consumers, and the collection rate is denoted by τ, where
0 < τ < 1. For the sake of tractability, we assume τ is an exogenous parameter [43].
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If the manufacturer chooses to reduce carbon emissions through improving the green-
ing level of products, it is responsible for the investment in green innovation and green
promotional activities. We assume an increasing and strictly convex cost component

C(g) = λ2g2

2 [44], which characterizes the diminishing investment with respect to g, where
λ2 > 0 is a scaling parameter.

Note that if the manufacturer chooses remanufacturing only, there is no greening
improvement for both products (i.e., new and remanufactured), namely g = 0 and τ > 0.
Similarly, if the manufacturer chooses only to improve the greening level of the new product,
it implicates no remanufacturing, namely τ = 0 and g > 0. In addition, if the manufacturer
takes no mitigation measures at all, then τ = 0 and g = 0.

Consistent with the previous research [3,36], we assume that the market demand (d)
is linearly correlated with the retail price and the greening level of the product, which is
defined as

d = a− bp, (1)

where a denotes the potential size of the market, and b represents the price sensitivity of
the demand. Taking this one step further, we consider the uncertainty of the demand,
which can typically be accomplished in two different ways: multiplicative and additive
forms [15,45,46]. To facilitate the mathematical tractability of our study, an additive random
fluctuation term is employed to represent the uncertainty in demand. Specifically, an
independent random term is added to the linear deterministic demand. As a result, the
demand with random fluctuation (D) is modeled as

D = d + ε = a− bp + ε (2)

where ε is a random variable defined in the range [A, B] with a mean of µ and a standard
deviation of σ. Furthermore, we assume that ε follows a cumulative distribution function
F(.) and a probability density function f (.).

To address the demand uncertainty, safety stock is formulated as follows to reduce the
risk of out-of-stock [15,42]. For each production cycle, the manufacturer decides to produce
Q products, where Q = d + z in which d units are produced to satisfy the deterministic
part of the demand, while z units are prepared for the unexpected random demand ε
(i.e., safety stock level). In accordance with the literature [15,42], we further assume that
z > 0. If Q > D, then each unit of the (Q− D) leftovers are disposed of at the unit cost s.
Conversely, if Q < D, then shortages occur, and the shortage cost of a lost sale is cs.

The related notations and descriptions used in this study are summarized in Table 2.
The superscript B, R, G, and RG represent the benchmark scenario (without mitigation
measures), the remanufacturing scenario, the improving greening level scenario, and
remanufacturing plus improving greening level scenario, respectively.

Table 2. Values of problem parameters.

Notations Descriptions

Decision Variables
p The retail price of the product
z The level of safety stock
g The greening level of the product

Cost Factors
cn/cr The unit production cost of a new/remanufactured product

cs The unit shortage cost
s Cost of disposing a unit at the end of the period
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Table 2. Cont.

Notations Descriptions

Other Parameters
τ The return rate of used products from consumers

λ1 Scaling parameter for the effectiveness of product collection activities
λ2 Scaling parameter for the effectiveness of improving greening level activities
a Market size of the product
b Price sensitivity of demand
d Deterministic part of the demand
ε Random part of the demand
D Total demand in the market
Q Total production quantity
et The free carbon quotas given by the government
pc Unit carbon quota trading price
en The unit carbon emission of a new product
er The unit carbon emission of a remanufactured product
γ The advantage of carbon emission in remanufacturing
θ The greening level sensitivity on the carbon emissions

4. Equilibrium Analysis

In this section, the optimal robust decision making and the associated equilibrium
outcomes are derived under four different emission reduction strategies of the manufacturer.
Specifically, the manufacturer’s optimal decisions (i.e., safety stock level z, retail price p,
and greening level g) are made to maximize its profits in the worst case under each strategy.

4.1. Benchmark Model (Model B)

When the manufacturer decides not to take any action to reduce carbon emissions, the
expected profit can be calculated as

E[πB] = pE(min(Q, D))− csE(D−Q)+ − sE(Q− D)+ − cnQ + pc(et − enQ) (3)

where (x)+ = max(x, 0). On the right-hand side of Equation (3), pE(min(Q, D)) is the
expected sales revenue, E(D−Q)+ is the expected shortage quantity, and E(Q− D)+ is
the expected leftover quantity.

Recall that min(Q, D) = D − (D − Q)+ and (Q− D)+ = (Q− D) + (D − Q)+. It
follows that the manufacturer’s profit in Equation (3) can be simplified as follows:

E[πB] = (p− cn − pcen)(a− bp + µ)− (cn + pcen + s)(z− µ)− (p + s + cs)E(D−Q)+ + pcet. (4)

Due to unpredictable changes in social, environmental, and economical activities, it
is difficult to obtain the exact distribution of random disturbances in demand. However,
certain statistical characteristics can be estimated from historical observations [47]. Under
this situation, a distribution-free approach can be employed to maximize the lower bound
of the expected profit with respect to all possible distributions of the demand [15,42]. We
assume that the random fluctuation of demand ε is observed to have a mean µ and a
variance σ2, but its exact distribution remains unknown. Following the approach in the
previous study [42], we maximize the lower bound of the expected profit under all possible
distributions of random fluctuations. Previous studies [42,47] show that the inequality

E[(D − Q)]+ ≤ [σ2+(Q−µ)2]
1
2−(Q−µ)

2 holds for all possible distributions of the random

variable ε. Therefore, it is clear that [σ2+(Q−µ)2]
1
2−(Q−µ)

2 characterizes the upper bound of
the expected shortage quantity E(D−Q)+. The out-of-stock cost will be maximized when
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the expected shortage quantity reaches the upper bound. Therefore, the minimum expected
profit can then be derived from Equation (4) as

MinE[πB] =(p− cn − pcen)(a− bp + µ)− (cn + pcen + s)(z− µ) + pcet

− (p + s + cs)
(σ2 + (z− µ)2)

1
2 − (z− µ)

2
.

(5)

When the manufacturer decides not to take any measures to reduce carbon emissions,
its decision-making sequence is as follows. To maximize its profit in the worst case, the
manufacturer facing demand fluctuation first needs to determine its safety stock level z.
Thus, the optimization problem can be formulated as follows:

max
{z}

MinE[πB] =(p− cn − pcen)(a− bp + µ)− (cn + pcen + s)(z− µ) + pcet

− (p + s + cs)
(σ2 + (z− µ)2)

1
2 − (z− µ)

2
.

(6)

After that, it determines the retail price p. The optimization problem can be formulated
as follows:

max
{p}

MinE[πB] =(p− cn − pcen)(a− bp + µ)− (cn + pcen + s)(z− µ) + pcet

− (p + s + cs)
(σ2 + (z− µ)2)

1
2 − (z− µ)

2
.

(7)

Next, the optimal decisions are derived using backward induction. By solving the
first-order optimality condition of Equation (7), we can obtain the best response function
pB∗(z) at first, which is stated in Lemma 1 below.

Lemma 1. For given z, the best response function pB∗(z) is given by

pB∗(z) =
2a + 2b(cn + pcen) + µ−

√
σ2 + (z− µ)2 + z

4b

After substituting pB∗(z) into Equation (6), then we can determine the optimal safety
stock level zB∗ by solving the first-order optimality condition. Thus, we can obtain the
optimal solutions, which are given in Proposition 1.

Proposition 1. When the market size is large enough which satisfies a > aB
t (aB

t is introduced in
the Appendix A.2 due to its complicated form), there exists an optimal safety stock level zB∗ for the
manufacturer, which is the larger root of the equation√

σ2 + (z− µ)2 =
2(z− µ)(a + 2bs + z) + 2b(z− µ)(pcen + cn + 2cs) + σ2

2(a− 3bpcen − 3bcn + 2bcs − 2bs + z)
.

The proof of Proposition 1 shows that the condition in Proposition 1 is derived from
∂MinE[πB(z)]

∂z |z=0 > 0. Note that z = 0 implies that the manufacturer chooses to pro-
duce products according to the deterministic part of the demand, i.e., d. The condition
∂MinE[πB(z)]

∂z |z=0 > 0 indicates that the manufacturer should keep a safety stock because the
worst case expected profit increases as the safety stock level increases in the neighborhood
of z = 0. In other words, the manufacturer will obtain a profit no less than MinE[πB] when
setting a safety stock level greater than 0.

Lastly, substitute zB∗ into the best response functions pB∗(z), the manufacturer’s
optimal retail price pB∗ can be obtained. Note that the closed-form expression for zB∗ is
hard to determine, so we will use numerical simulation to attain the numerical solution for
zB∗ and the associated pB∗(z) for further analysis.
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4.2. Remanufacturing Model (Model R)

When the manufacturer chooses to reduce emissions via the way of remanufacturing,
its expected profit can be calculated as follows.

E[πR] =[p + (cn − cr)τ + γτpcen]E(min(Q, D)) + pc(et − enQ)− cnQ

− csE(D−Q)+ − sE(Q− D)+ − λ1τ2

2

(8)

The first part in Equation (8) denotes the total revenue from manufacturing and
remanufacturing. The second part, pc(et − enQ), simply is the sales revenue from selling
carbon quotas if any; cnQ is the production cost, and csE(D− Q)+ and sE(Q− D)+ are
the cost of expected shortage and expected leftover, respectively. The last part is the total
collection cost for remanufacturing.

Similar to Equation (3), it can be simplified as follows.

E[πR] =(p− c− pce)(a− bp + µ)− (pcen + cn + s)(z− µ)− λ1τ2

2
+ pcet

− (p + (cn − cr)τ + γτpcen + s + cs)E(D−Q)+
(9)

With the distribution-free approach, the minimum expected profit can be derived from
Equation (9) and is given by

MinE[πR] =(p− c− pce)(a− bp + µ)− (pcen + cn + s)(z− µ)− λ1τ2

2
+ pcet

− (p + (cn − cr)τ + γτpcen + s + cs)
(σ2 + (z− µ)2)

1
2 − (z− µ)

2

(10)

When the manufacturer decides to curb carbon emissions via undertaking remanu-
facturing, its sequence of events is as follows. To maximize its profit in the worst case, the
manufacturer should primarily determine the safety stock level z under demand fluctuation.
Thus, the optimization problem can be formulated as follows:

max
{z}

MinE[πR] = (p− cn + τ(cn − cr)− pc(1− γτ)en)(a− bp + µ)− (pcen + cn + s)(z− µ)

− (p + (cn − cr)τ + γτpcen + s + cs)
(σ2 + (z− µ)2)

1
2 − (z− µ)

2
− λ1τ2

2
+ pcet

(11)

Then, the manufacturer decides the retail price p. The optimization problem can be
formulated as follows:

max
{p}

MinE[πR] = (p− cn + τ(cn − cr)− pc(1− γτ)en)(a− bp + µ)− (pcen + cn + s)(z− µ)

− (p + (cn − cr)τ + γτpcen + s + cs)
(σ2 + (z− µ)2)

1
2 − (z− µ)

2
− λ1τ2

2
+ pcet

(12)

After that, the optimal decisions can be obtained by backward induction. By solving
the first-order optimal condition of Equation (12), the best response function pR∗(z) can be
derived as demonstrated in Lemma 2.

Lemma 2. For given z, the best response function pR∗(z) is given by

pR∗(z) =
2a + 2b((1− τ)cn + τcr + pc(1− γτ)en) + µ−

√
σ2 + (z− µ)2 + z

4b
.

The proof of Lemma 2 is similar to that of Lemma 1 and hence omitted.
Next, we substitute pR∗(z) into Equation (11). Then, we solve the first-order condition.

Next, the optimal safety stock level zR∗ can be obtained and summarized in Proposition 2.



Sustainability 2022, 14, 13445 11 of 27

Proposition 2. When the market size is large enough which satisfies a > aR
t (aR

t is introduced
in the Appendix A.4 due to its complicated form), there exists an optimal safety stock zR∗ for the
manufacturer, which is the larger one of two roots of equation√

σ2 + (z− µ)2 =
2(z− µ)(a + 2bs + z) + 2b(z− µ)(pc(γτ + 1)en + (τ + 1)cn − τcr + 2cs) + σ2

2(a + b(pc(γτ − 3)en + (τ − 3)cn − τcr + 2cs)− 2bs + z)
.

At last, we further substitute zR∗ into the best response functions pR∗(z). Hence,
the manufacturer’s optimal retail price pR∗ can be derived. Note that the closed-form
expression for zR∗ is difficult to derive, so we use the same solution method as in Section 4.1
to obtain zR∗ and pR∗ in numerical analysis.

4.3. Improving the Greening Level Model (Model G)

When the manufacturer chooses to reduce emissions via the way of greening products,
the expected profit of the manufacturer can be calculated as

E[πG] = pE(min(Q, D))− csE(D−Q)+− sE(Q−D)+− cnQ− λ2g2

2
+ pc(et− êQ). (13)

In Equation (13), the profit of the manufacturer consists of six parts: the expected sales
revenue pE(min(Q, D)), the cost of expected shortage csE(D−Q)+, the cost of expected
leftover sE(Q− D)+, the production cost of new product cnQ, the investment on greening

innovation λ2g2

2 , and the revenue from saving carbon quotas pc(et − êQ).
Similar to Equations (3) and (8), it can be simplified as

E[πG] =(p− cn − pc ê)(a− bp + µ)− (cn + pc ê + s)(z− µ)− λ2g2

2
+ pcet

− (p + s + cs)E(D−Q)+.
(14)

Again, with the distribution-free approach above, the minimum expected profit can
be derived from Equation (14):

MinE[πG] =(p− cn − pc ê)(a− bp + µ)− (cn + pc ê + s)(z− µ)− λ2g2

2
+ pcet

− (p + s + cs)
(σ2 + (z− µ)2)

1
2 − (z− µ)

2
.

(15)

After the manufacturer chooses to reduce emissions through greening the product, its
subsequent decision making is as follows. Similar to previous sections, the manufacturer
first determines the safety stock level z. Therefore, the optimization problem can be
formulated as follows:

max
{z}

MinE[πG] =(p− cn − pc(en − θg))(a− bp + µ)− (cn + pc(en − θg) + s)(z− µ)

−(p + s + cs)
(σ2 + (z− µ)2)

1
2 − (z− µ)

2
+ pcet −

λ2gG(z)2

2

(16)

After that, the manufacturer determines the retail price p and the greening level g to
maximize its profit in the worst case.

max
{p,g}

MinE[πG] =(p− cn − pc(en − θg))(a− bp + µ)− (cn + pc(en − θg) + s)(z− µ)

−(p + s + cs)
(σ2 + (z− µ)2)

1
2 − (z− µ)

2
+ pcet −

λ2gG(z)2

2

(17)
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The optimal decisions are derived using backward induction next. We obtain the
optimal condition by taking the first-order derivation of Equation (17), and the best response
functions pG∗(z) and gG∗(z) are summarized in Lemma 3.

Lemma 3. For given z, the best response functions pG∗(z) and gG∗(z) are given by

pG∗(z) =
2bθ2(a + z)p2

c + λ2
√

σ2 + (z− µ)2 − λ2(2a + 2b(pcen + cn) + µ + z)
2b(bθ2 p2

c − 2λ2)
: (18)

gG∗(z) =
θpc

(
2b(pcen + cn)− 2a + µ−

√
σ2 + (z− µ)2 − 3z

)
2bθ2 p2

c − 4λ2
. (19)

Then, we substitute pG∗(z) and gG∗(z) into the manufacturer’s profit function given
in Equation (16). As a result, we derive the optimal solutions as shown in Proposition 3.

Proposition 3. When the market size is large enough which satisfies a > aG
t (aG

t is introduced in
the Appendix A.6 due to its complicated form), there exists an optimal safety stock level zG∗ for the
manufacturer which is the second root of the equation

√
σ2 + (z− µ)2 =

λ2
(
2φ1(a + 2bs + z) + 2bφ1(cn + 2cs + pcen) + σ2)− 2bθ2 p2

c
(
φ1(a + bs− µ + 2z) + bφ1cs + σ2)

2λ2(a− 3bcn + 2bcs − 3bpcen − 2bs + z) + 2bθ2 p2
c (a− bcs + bs− µ + 2z)

where φ = z− µ.

Finally, insert zG∗ into the best response function pG∗(z), gG∗(z), we can obtain the
manufacturer’s optimal retail pG∗ and the optimal greening level gG∗. Owing to the lack of
a closed-form expression for zG∗, further analysis on zG∗, pG∗, and gG∗ will be conducted
using numerical analysis.

4.4. Remanufacturing and Improving Greening Level Model (Model RG)

When the manufacturer chooses to reduce emissions through both remanufacturing
and improving the greening level of products, the expected profit of the manufacturer can
be calculated as

E[πRG] =[p + (cn − cr)τ + γτpc ê]E(min(Q, D)) + pc(et − êQ)− cnQ

− csE(D−Q)+ − sE(Q− D)+ − λ1τ2

2
− λ2g2

2
.

(20)

In Equation (20), [p+(cn− cr)τ+γτpc ê]E(min(Q, D)) is the total revenue from selling
the new and remanufactured products; pc(et − enQ) is the sales revenue of carbon quotas;
cnQ is the production cost; csE(D− Q)+ is the cost of expected shortage; sE(Q− D)+ is

the cost of expected leftover. At last, λ2g2

2 and λ1τ2

2 represent the total collection cost and
the investment in improving the product’s greening level.

Using the same logic, with the distribution-free approach, the minimum expected
profit is given by

MinE[πRG] =(p− cn + τ(cn − cr)− pc(1− γτ)(en − θg))(a− bp + µ)− (pc(en − θg) + cn + s)(z− µ)− λ1τ2

2
− λ2g2

2

− (p + (cn − cr)τ + γτpc(en − θg) + s + cs)
(σ2 + (z− µ)2)

1
2 − (z− µ)

2
+ pcet

(21)
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Under the remanufacturing plus improving greening level strategy, the manufacturer’s
subsequent decision making is as follows. First of all, the manufacturer determines the
safety stock level z. Thus, the optimization problem can be formulated as follows:

max
{z}

MinE[πRG] (22)

Then, it determines the retail price p and the greening level g to maximize its profit in
the worst case. The optimization problem can be formulated as follows:

max
{p,g}

MinE[πRG] (23)

Next, we solve the optimization problem with the backward induction approach. We
obtain the optimal condition by taking the first-order derivation of Equation (23), which is
pRG∗(z) and gRG∗(z), summarized in Lemma 4.

Lemma 4. For given z, the best response functions pG∗(z) and gG∗(z) are given by

pRG∗(z) =
λ2(φ2 − 2a + 2b((τ − 1)cn − τcr + pc(γτ − 1)en)− φ3) + bθ2 p2

c (γτ − 1)(γτ(2a + φ3)− 2(a + z)− γτφ2)

2b
(
bθ2 p2

c (γτ − 1)2 − 2λ2
) ; (24)

gRG∗(z) =
θpc(2a(γτ − 1) + 2b(γτ − 1)(pc(γτ − 1)en + (τ − 1)cn − τcr)− (γτ + 1)(φ2 − µ) + z(γτ − 3))

2bθ2 p2
c (γτ − 1)2 − 4λ2

, (25)

where φ2 =
√

σ2 + (z− µ)2, and φ3 = z + µ.

By substituting pRG∗(z) and gRG∗(z) into Equation (22), we can derive the optimal
safety stock level z. The manufacturer’s optimal solutions are shown in Proposition 4.

Proposition 4. When the market size is large enough which satisfies a > aRG
t (aRG

t is introduced
in the Appendix A.8 due to its complicated form), there exists an optimal safety stock zRG∗ for the
manufacturer, which is the second largest of three roots of the equation:√

σ2 + φ2
1 =

2bθ2 p2
c
(
σ2 − φ1φ4

)
+ 2b2θ2 p2

c (γτ − 1)φ1(φ5 + 2cs(γτ − 1))− λ2
(
φ1(φ6 + 8b(cn + pcen + s)) + σ2)

2bθ2 p2
c φ4 − 2b2θ2 p2

c (γτ − 1)φ5 − 2λ2φ6

where
φ1 = z− µ;

φ4 = a(γτ − 1)− bs(γτ − 1)2 + γµτ + µ− 2z;

φ5 = τ((γ− 1)cn + cr − γcs) + cs;

φ6 = 2(a + b((τ − 3)cn − τcr + 2cs + pc(γτ − 3)en)− 2bs + z).

In the end, we substitute zRG∗ into the best response function pRG∗(z), gRG∗(z), then
the manufacturer’s optimal retail pRG∗ and the optimal greening level gRG∗ can be obtained.

4.5. Analytical Analysis

In this subsection, we present some analytical analyses based on the aforementioned
results. Specifically, we examine how focal problem features such as the carbon trading
price (pc) and the demand uncertainty (σ) affect the manufacturer’s optimal safety stock
level under four different emission reduction strategies.

First, as shown in Table 3, under all four emission reduction strategies, the carbon
trading price leads to a negative impact on the safety stock level. This is because a higher
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carbon trading price imposes a higher production cost for the manufacturer, which leads to
a lower safety stock level.

Table 3. Effect of the carbon trading price (pc) and the demand uncertainty (σ) on the manufacturer’s
optimal safety stock level.

Model B Model R Model G Model RG

Parameters zB∗ zR∗ zG∗ zRG∗

pc ↘ ↘ ↘ ↘

σ
↗ if σ2 < σt1 ↗ if σ2 < σt2 ↗ if σ2 < σt1 ↗ if σ2 < σt2
↘ if σ2 ≥ σt1 ↘ if σ2 ≥ σt2 ↘ if σ2 ≥ σt1 ↘ if σ2 ≥ σt2

Second, Table 3 shows that the impacts of σ (demand uncertainty) on the manu-
facturer’s optimal safety level are not simply one-way. With the increases in demand
fluctuation, the optimal safety stock level first increases and then decreases. The intuition
here is that as the uncertainty of the demand increases, the manufacturer is more likely to
face the occurrence of product shortages or surplus inventory. On the other hand, due to a
higher production cost resulting from the cap-and-trade regulation, the manufacturer tends
to lose more profit when it has excess inventory than when it is short. As a result, when the
demand uncertainty varies over a low range (i.e., below the threshold), the best strategy
for the manufacturer is to increase the safety stock level to avoid shortages as fluctuation
increases. When the demand uncertainty varies over a high range, the best strategy for
the manufacturer is to decrease the safety stock level as fluctuation increases to prevent
inventory surpluses, even if doing so may cause shortages.

5. Numerical Analysis

In this section, we examine the manufacturer’s optimal choice of robust emission
reduction strategy and the effects of varying problem parameters on its choice using numer-
ical examples. Specifically, the manufacturer compares the optimal robust profit resulting
from each emission reduction strategy and chooses the one leading to the maximum profit.

We refer to the relevant literature [5,15,42] for parameter assignment, which is listed
in Table 4: the potential market size of the product α = 100, the price sensitivity factor of
the demand b = 0.08, the unit production cost of a new product cn = 75, and the return
rate of used products from consumers τ = 0.1, etc.

Table 4. Values of problem parameters.

Parameters Values Parameters Values Parameters Values Parameters Values

a 100 cn 75 cs 5 pc 30
b 0.08 cr 37.5 s 5 γ 0.2
µ 30 en 9.8 λ1 50,000 θ 0.2
σ 35 et 500 λ2 50,000 τ 0.1

5.1. Comparison of Model B, Model R, Model G, and Model RG

We first compare the profit of Models B, R, G, and RG under the parameter setting
above. Then we examine the sensitivity of their profit performance to the variation of prob-
lem characteristics. Specifically, we vary carbon trading price pc in {0.01, 5, 10, 15, 20, 25, 30,
35, 40} and demand uncertainty σ in{5, 15, 25, 35, 45, 55, 65, 75} to examine its best choice of
robust emission reduction strategy, with other parameters unchanged.

Table 5 present the manufacturer’s optimal carbon emission reduction strategy and
its associated profit under different carbon trading price (pc) and demand uncertainty (σ).
First of all, it shows that taking no measures (Model B) or only relying on remanufacturing
(Model R) are not good strategies for the manufacturer.
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Table 5. The manufacturer’s optimal carbon emission reduction strategy under different carbon
trading price pc and demand uncertainty σ.

σ

pc 5 15 25 35 45 55 65 75

0.01 G(46,801.21) G(44,317.98) G(41,851.28) G(39,401.45) G(36,968.85) G(34,553.89) G(32,156.95) G(29,778.48)
5 RG(46,034.47) RG(42,934.73) RG(39,862.66) RG(36,819.05) RG(33,804.74) RG(30,820.66) RG(27,867.80) G(24,952.25)
10 RG(45,446.17) RG(41,870.56) RG(38,334.77) RG(34,840.23) RG(31,388.51) RG(27,981.35) RG(24,620.71) RG(21,308.77)
15 RG(44,994.04) RG(41,030.98) RG(37,120.93) RG(33,266.22) RG(29,469.46) RG(25,733.59) RG(22,062.04) RG(18,458.80)
20 RG(44,665.96) RG(40,379.74) RG(36,160.94) RG(32,013.04) RG(27,940.11) RG(23,946.89) RG(20,039.03) RG(16,223.42)
25 RG(44,455.03) RG(39,896.26) RG(35,420.64) RG(31,033.27) RG(26,740.21) RG(22,548.79) RG(18,468.12) RG(14,509.94)
30 RG(44,356.88) RG(39,567.55) RG(34,878.66) RG(30,297.46) RG(25,832.80) RG(21,495.80) RG(17,301.09) RG(13,269.00)
35 RG(44,368.56) RG(39,384.89) RG(34,520.80) RG(29,786.36) RG(25,194.35) RG(20,761.63) RG(16,512.01) RG(12,482.74)
40 RG(44,487.98) RG(39,342.21) RG(34,337.29) RG(29,487.11) RG(24,810.05) RG(20,331.98) RG(16,093.39) RG(12,172.51)

Each cell indicates the manufacturer’s preferred robust carbon emission reduction strategy and corresponding
profit. For example, G(46,801.21) represents that Model G is preferred by the manufacturer and the corresponding
profit is 46,801.21.

Second, Table 5 indicates that the choice between greening products (Model G) and
remanufacturing plus greening products (Model RG) is contingent on the value of pc and
σ. Figure 1 further illustrates such impacts of pc and σ on the relative magnitude of πG∗

and πRG∗. Specifically, there exists a threshold of the carbon trading price (pct1). When the
carbon trading price is low (i.e., below the threshold pct1), the manufacturer should choose
to improve the greening level of the product only (Model G). Otherwise, the manufacturer
should choose to reduce emissions through both remanufacturing and improving the
greening level of the product (Model RG). For instance, when σ = 5, pct1 ≈ 1.8. As
shown in Table 5, when pc = 0.01 < 1.8, the manufacturer should choose mode G. When
pc = 5 > 1.8, the manufacturer should choose mode RG.

In addition, the manufacturer’s robust strategy choice is further affected by the inter-
action between the carbon trading price p and demand uncertainty σ. Explicitly, the value
of the threshold pct1 is affected by σ. It is shown in Figure 1 that the value of the thresh-
old pct1 increases in the demand uncertainty (σ). In other words, given the same carbon
trading price, a higher demand volatility will make manufacturers more conservative in
undertaking remanufacturing.

Figure 1. The manufacturer’s optimal profits under different carbon trading price pc and demand
uncertainty σ.
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5.2. Impact of the Carbon Trading Price

In this subsection, we examine the impact of the carbon trading price pc on the optimal
decision making of the manufacturer under different emission reduction strategies. We
extend the range adopted in the existing literature [48] and vary pc between 0.1 and 60.
Other parameters remain the same as shown in Table 4.

Table 6 presents the optimal decision making of the manufacturer under four emission
reduction strategies with different carbon trading price (pc). It first shows that the retail
price of the product increases with the carbon trading price pc. In addition, the product’s
retail price in Model RG is the lowest among the four strategies. As a result, we can
conclude that Model RG has the highest total surplus among all consumers.

Table 6. Optimal decision making with different carbon trading prices under four emission reduction
strategies B, R, G, and RG.

Model B Model R Model G Model RG

pc pB∗ zB∗ pR∗ zR∗ pG∗ gG∗ zG∗ pRG∗ gRG∗ zRG∗

1 816.72 74.0224 814.80 74.0997 816.719 0.00044 74.0225 814.798 0.00043 74.0998
10 842.83 55.0863 840.10 55.1812 842.82 0.00351 55.0873 840.09 0.00348 55.1822
20 874.33 44.1932 870.74 44.3196 874.32 0.00593 44.1954 870.73 0.00590 44.3217
30 906.16 36.5351 901.78 36.7068 906.14 0.00768 36.5384 901.76 0.00764 36.7100
40 936.97 30.1097 931.92 30.3489 936.95 0.00883 30.1141 931.89 0.00881 30.3533
50 965.29 24.0030 959.78 24.3516 965.27 0.00936 24.0089 959.76 0.00938 24.3574
60 988.51 17.4302 983.07 17.9869 988.48 0.00921 17.4383 983.04 0.00932 17.9948

Second, Table 6 indicates that the safety stock level decreases as the carbon trading
price increases. This is because a higher carbon trading price indicates a larger production
cost for the manufacturer, which further results in a lower safety stock level. Furthermore,
the manufacturer’s safety stock of Model RG is the highest, while Model B is the lowest.
The reason behind this is that the unit carbon emission in Model RG is the lowest and that
in Model B it is the highest among the four different strategies.

Third, Table 6 and Figure 2 illustrate that the impact of the carbon trading price pc on
the greening level of the product is not linear. As the carbon trading price increases, the
greening level of the product first increases and then decreases slightly. This suggests that
the carbon trading price is not the higher the better. An appropriate carbon trading price
can best encourage manufacturers to develop greener products.

Figure 2. Impact of parameter pc on greening level g.
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In addition, Figure 2 further indicates that the relationship between gG∗ and gRG∗ is
contingent on the value of pc. Specifically, there exists a threshold of the carbon trading
price (denoted as pct2). When the carbon trading price is low (i.e., below the threshold
pct2 ≈ 45 in the illustrated case), the greening level of the product in Model RG is lower
than that in Model G. The opposite is true when the carbon trading price is high.

Next, we further investigate the impact of pc on the manufacturer’s optimal outcomes
(i.e., production volumes, total carbon emissions, and profits).

Table 7 shows that the total production volume under all four strategies decreases in
the carbon trading price pc. In addition, the total carbon emissions decrease as pc increases.
Moreover, the impact of the carbon trading price pc on the manufacturer’s profit is not
simply one-way. Specifically, as the carbon trading price increases, the manufacturer’s
profit first decreases and then increases. This is because as the carbon trading price rises,
the manufacturer first tries to reduce the overall carbon emissions by reducing production
quantity. In the wake of a decline in production, the manufacturer’s profit has also declined.
However, with the carbon trading price continuing to increase, the manufacturer can benefit
from selling surplus carbon quota in the trade center, which causes an increase in total
profit.

Table 7. Optimal outcomes with different carbon trading prices under four emission reduction
strategies B, R, G, and RG.

Model B Model R Model G Model RG

pc QB∗ EB∗ πB∗ QR∗ ER∗ πR∗ QG∗ EG∗ πG∗ QRG∗ ERG∗ πRG∗

1 108.6849 1165.11 38,824.10 108.9158 1046.03 38,805.47 108.6850 1065.10 38,824.10 108.91582 1046.02 38,805.48
10 87.6602 859.07 34,783.27 87.9736 844.90 34,839.93 87.6614 859.02 34783.58 87.9748 844.84 34,840.23
20 74.2470 727.62 31,890.72 74.6605 717.04 32,012.17 74.2498 727.56 31,891.60 74.6632 716.98 32,013.04
30 64.04258 627.62 30,130.15 64.5645 620.08 30,296.00 64.0470 627.56 30,131.63 64.5689 620.02 30,297.46
40 55.1523 540.49 29,296.38 55.7957 535.86 29,485.17 55.1584 540.46 29,298.33 55.8018 535.82 29,487.11
50 46.7797 458.44 29,303.61 47.5689 456.85 29,491.89 46.7877 458.43 29,305.80 47.5767 456.84 29,494.09
60 38.3498 375.83 30,129.15 39.3417 377.84 30,289.30 38.3596 375.85 30,131.27 39.3513 377.86 30,291.47

5.3. Impact of the Demand Uncertainty

In this subsection, we examine the impact of the degree of demand uncertainty
on the optimal outcomes under different emission reduction strategies B, R, G, and
RG. Following the literature [15], the value of σ is varied between 5 and 75 with other
parameters unchanged.

First of all, as shown in Table 8, counterintuitively, the retail price of the product
decreases as demand uncertainty σ increases. This is because when the manufacturer faces
higher market demand uncertainties, it is motivated to lower retail prices to attract more
consumers (the price-dependent deterministic part of the demand). In this way, it is able to
reduce the unit cost of the product. Second, as the demand uncertainty increases, the safety
stock level first increases and then decreases. Finally, the greening level of the product
increases in σ. This observation suggests that as the manufacturer lowers the retail price to
attract more customers, the expected total demand increases. The increased total demand
leads to a higher production quantity (see Table 9), which further results in a larger amount
of carbon emission. Facing such a situation, it is better for the manufacturer to improve the
product’s greening level to reduce the unit carbon emission.
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Table 8. Optimal decision making with different degree of demand uncertainty σ under four emission
reduction strategies B, R, G, and RG.

Model B Model R Model G Model RG

σ pB∗ zB∗ pR∗ zR∗ pG∗ gG∗ zG∗ pRG∗ gRG∗ zRG∗

5 984.87 31.2808 980.11 31.3009 984.86 0.00630 31.2811 980.09 0.00623 31.3013
15 959.86 33.5248 955.20 33.5888 959.85 0.00681 33.5260 955.19 0.00675 33.5900
25 933.70 35.2996 929.17 35.4134 933.68 0.00727 35.3017 929.15 0.00722 35.4155
35 906.16 36.5351 901.78 36.7068 906.14 0.00768 36.5384 901.76 0.00764 36.7100
45 876.92 37.1365 872.74 37.3773 876.91 0.00804 37.1410 872.73 0.00801 37.3817
55 845.53 36.9679 841.60 37.2944 845.52 0.00832 36.9740 841.59 0.00830 37.3005
65 811.25 35.8209 807.68 36.2603 811.25 0.00851 35.8289 807.68 0.00851 36.2682
75 772.83 33.3404 769.81 33.9420 772.84 0.00858 33.3507 769.81 0.00861 33.9522

Table 9. Optimal outcomes with different degrees of demand uncertainty σ under four emission
reduction strategies B, R, G, and RG.

Model B Model R Model G Model RG

σ QB∗ EB∗ πB∗ QR∗ ER∗ πR∗ QG∗ EG∗ πG∗ QRG∗ ERG∗ πRG∗

5 52.4909 514.41 44,129.56 52.8925 507.98 44,355.91 52.4927 514.36 44,130.56 52.8943 507.93 44,356.88
15 56.7358 556.01 39,359.29 57.1727 549.09 39566.41 56.7383 555.96 39,360.45 57.1752 549.03 39,567.55
25 60.6036 593.92 34,690.35 61.0801 586.61 34,877.36 60.6070 593.86 34,691.67 61.0835 586.56 34,878.66
35 64.04258 627.62 30,130.15 64.5645 620.08 30,296.00 64.0470 627.56 30,131.63 64.5689 620.02 30,297.46
45 66.9830 656.43 25,687.80 67.5583 648.83 25,831.20 66.9885 656.38 25,689.41 67.5638 648.78 25,832.80
55 69.3258 679.39 21,374.77 69.9664 671.95 21,494.08 69.3326 679.34 21,376.50 69.9731 671.91 21,495.80
65 70.9207 695.02 17,206.23 71.6456 688.09 17,299.28 70.9289 694.98 17,208.04 71.6537 688.04 17,301.09
75 71.5139 700.84 13,203.49 72.3576 694.92 13,267.15 71.5238 700.81 13,205.33 72.3674 694.89 13,269.00

Table 9 shows the total production volume increases in demand uncertainty σ under all
four strategies. Meanwhile, the total carbon emission increases as σ increases. In addition,
the manufacturer’s profit declines as demand uncertainty increases. Table 9 further indi-
cates that when the carbon trading price (pc) is sufficiently high, the demand uncertainty
no longer impacts the choice of the manufacturer’s robust emission reduction strategy,
which will always choose the remanufacturing plus improving the greening level.

6. Conclusions and Discussion

This study considered the choice of robust emission reduction strategies of a mo-
nopolistic manufacturer facing demand uncertainty under the cap-and-trade regulation.
Particularly, we try to identify the emission reduction strategy which maximizes the mini-
mum profit of the manufacturer when there is a random fluctuation in the demand.

To delineate the manufacturers’ robust choice of emission reduction strategy, we
modeled and derived its optimal robust decision making and associated profits under four
different emission reduction strategies. Our findings showed that whenever a cap-and-
trade regulation is in place, the manufacturer should adopt certain measures to reduce
emissions. We further found that the manufacturer’s choice of robust emission reduction
strategies depends on the carbon trading price. Specifically, there exists a threshold for the
carbon trading price. When the carbon trading price is low (i.e., below the threshold), the
manufacturer should choose to improve the greening level of products only (Model G).
Otherwise, the manufacturer should choose to reduce carbon emissions through both
remanufacturing and improving the greening level of the products (Model RG). In addition,
our analysis showed that the value of the threshold is further determined by demand
uncertainty. With the market demand becoming more uncertain, the value of the threshold
for the carbon trading price increases.
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Furthermore, upon investigating the impacts of the carbon trading price on the total
carbon emissions under four emission reduction strategies, we found that the total carbon
emission under all strategies decreases in the carbon trading price. In addition, the relative
magnitude of the total carbon emission resulting from different strategies is not consistent.
The relationship between amounts of the total carbon emissions is determined by the
carbon trading price. When the carbon trading price is relatively low, the total carbon
emission in Model RG is the lowest among the four strategies. When the carbon trading
price is relatively high, the total carbon emission in Model B is the lowest. This implies that
overpriced carbon trading could hurt manufacturers’ production, rather than encourage
them to adopt emission reduction measures.

There are some limitations in our study. First of all, in practice, governments imple-
ment various regulations and policies to encourage manufacturers to undertake emission
reduction activities, such as carbon tax, environmental subsidies, and green subsidies.
Among them, only the cap-and-trade regulation is considered in this study. With other
types of regulations and policies, the optimal robust emission reduction strategy for man-
ufacturers may be different. Second, we only consider two carbon emission reduction
strategies: undertaking remanufacturing and greening products. Other emission reduction
measures are also adopted in manufacturing activities, such as equipment upgrading and
material substitution, which may lead to interesting trade-offs. Finally, a fixed carbon
trading price is assumed in this study, which may limit the applicability of our conclusions.

In the future, there are some interesting directions worth exploring. First, the emission
reduction effect from remanufacturing is determined by the remanufacturing rate, and
the remanufacturing rate is further determined by the return rate of used products. In
this study, the return rate in remanufacturing is modeled as an exogenous parameter,
while it can be an endogenous decision variable for certain industries as well. It would be
interesting to examine how a flexible return rate of used products impacts the selection of
emission reduction strategies. Second, a valuable extension of this study is to consider the
selection of emission reduction strategies of two manufacturers competing for the used
products for remanufacturing.
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Appendix A. Proof

In this part, we provide detailed proof of our results in the main study.

Appendix A.1. Proof of Lemma 1

To examine the concavity of the problem, we further calculate the second derivative of
Equation (7) with respect to pB(z),

∂2πB

∂pB(z)2 = −2b
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where ∂2πB

∂pB(z)2 is negative. Hence, πB is strictly concave in pB(z). Next, we solve the
first-order optimality condition.

The necessary condition of optimization of the manufacturer’s profit yields

∂πB

∂pB(z)
=

2a + 2b(cn + pcen)− 4bp + µ−
√

σ2 + (z− µ)2 + z
2

.

Solving ∂πB

∂pB(z) = 0 for pB(z),we obtain the optimal value of pB∗(z) as it is given in Lemma 1.

Appendix A.2. Proof of Proposition 1

After substituting pB∗(z) into Equation (6), the optimization problem becomes an
optimization problem with a single variable z. Thus, the optimization problem can be
formulated as follows:

max
{z}

MinE[πB](z) =(pB∗(z)− cn − pcen)(a− bpB∗(z) + µ)− (cn + pcen + s)(z− µ) + pcet

− (pB∗(z) + s + cs)
(σ2 + (z− µ)2)

1
2 − (z− µ)

2
.

(A1)

The first derivative of E[πB](z) with respect to z is given by

∂MinE[πB(z)]
∂z

=
2a
(

µ +
√

σ2 + (z− µ)2 − z
)
+ 2bcn

(
µ− 3

√
σ2 + (z− µ)2 − z

)
8b
√

σ2 + (z− µ)2

+
2b
(

2cs

(
µ +

√
σ2 + (z− µ)2 − z

)
+ Pen

(
µ− 3

√
σ2 + (z− µ)2 − z

))
8b
√

σ2 + (z− µ)2

−
4bs
(√

σ2 + (z− µ)2 + z− µ
)
− σ2 + 2z

(
µ +

√
σ2 + (z− µ)2 − z

)
8b
√

σ2 + (z− µ)2
.

(A2)

To determine the shape of MinE[πB](z), define G(z) = ∂MinE[πB](z)/∂z. The fol-
lowing is then obtained

∂G(z)
∂z

=
2σ2
(
−a− 2bs +

√
σ2 + (z− µ)2

)
− 2bσ2(cn + 2cs + Pen) + 2µ3 + µσ2

8b(σ2 + (z− µ)2)
3/2

+
2z2
(

3µ +
√

σ2 + (z− µ)2
)
− 2z3 − z

(
6µ2 + 3σ2 + 4µ

√
σ2 + (z− µ)2

)
8b(σ2 + (z− µ)2)

3/2

+
2µ2
√

σ2 + (z− µ)2

8b(σ2 + (z− µ)2)
3/2 .

(A3)

Because it is difficult to judge the convexity of MinE[πB(z)], taking the second deriva-
tive of G(z) with respect to z gives,

∂2G(z)
∂z2

∣∣∣∣ ∂G(z)
∂z =0

= −
3σ2(−2(z− µ)(a + 2bs + µ)− 2b(z− µ)(cn + 2cs + Pen) + σ2)

8b(σ2 + (z− µ)2)
5/2 < 0, (A4)

where ∂2G(z)
∂z2 is negative when ∂G(z)

∂z = 0 is satisfied. It can be seen that G(z) is either
monotonic or unimodal. Note that G(−∞) = −∞/b < 0, and G(∞) = −cn − pcen − s < 0.
If G(z) is monotonic, G(z) monotonically increases in (−∞,+∞) , and thus MinE[πB(z)]
is decreasing for any z in its domain. This case can be dismissed. If G(z) is unimodal,
the condition G(0) > 0 is assumed, guaranteeing the unimodality of G(z). In this case,
G(z) has two zeros with the larger corresponding to a local maximum and the smaller
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corresponding to a local minimum of MinE[πB(z)]. In summary, MinE[πB(z)] has its
maximum under the condition G(0) > 0. From G(0) > 0, we can obtain the condition
a > aB

t , which is given in Proposition 1. Due to the complicated form of the condition aB
t ,

we present only the procedure to obtain this condition in the Appendix A.2 but omit the
derivations of the closed-form expressions.

Appendix A.3. Proof of Lemma 2

We obtain the optimal condition by taking the first-order derivation of Equation (12).
To examine the concavity of the problem, we further calculate the second derivative of
Equation (12) with respect to pR(z),

∂2πR

∂pR(z)2 = −2b,

where ∂2πR

∂pR(z)2 is negative. Hence, πR is jointly concave in pR(z). Next, we solve the
first-order optimality condition.

The necessary condition of optimization of the manufacturer’s profit yields

∂πR

∂pR(z)
=

(
2a− 4bp + µ−

√
σ2 + (z− µ)2 + z

)
+ b(pc(1− γτ)en + (1− τ)cn + τcr)

2
.

Solving ∂πR

∂pR(z) = 0 for pR(z), we obtain the optimal value of pR∗(z) as it is given in
Lemma 2.

Appendix A.4. Proof of Proposition 2

After substituting pR∗(z) into Equation (11), the optimization problem becomes an
optimization problem with a single variable z. Thus, the optimization problem can be
formulated as follows:

max
{z}

MinE[πR] = (pR∗(z)− cn + τ(cn − cr)− pc(1− γτ)en)(a− bpR∗(z) + µ)− (pcen + cn + s)(z− µ)

− (pR∗(z) + (cn − cr)τ + γτpcen + s + cs)
(σ2 + (z− µ)2)

1
2 − (z− µ)

2
− λ1τ2

2
+ pcet

(A5)

The first derivative of E[πR(z)] with respect to z is given by

∂MinE[πR(z)]
∂z

=
2aµ− 2z(a + 2bs− µ) + 2a

√
σ2 + (z− µ)2 + 2bpcen

(
γµτ + µ + (γτ − 3)

√
σ2 + (z− µ)2 − z(γτ + 1)

)
8b
√

σ2 + (z− µ)2

+
2bcn

(
µ(τ + 1) + (τ − 3)

√
σ2 + (z− µ)2 + (τ + 1)(−z)

)
− 2bτcr

(
µ +

√
σ2 + (z− µ)2 − z

)
8b
√

σ2 + (z− µ)2

+
4bcs

(
µ +

√
σ2 + (z− µ)2 − z

)
+ 4bµs− 4bs

√
σ2 + (z− µ)2 − σ2 − 2z2 + 2z

√
σ2 + (z− µ)2

8b
√

σ2 + (z− µ)2
.

(A6)

To determine the shape of MinE[πR(z)], define G(z) = ∂MinE[πR(z)]/∂z. The fol-
lowing is then obtained
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∂G(z)
∂z

=
2σ2
(
−a− 2bs +

√
σ2 + (z− µ)2

)
− 2bσ2(pc(γτ + 1)en + (τ + 1)cn − τcr + 2cs)

8b(σ2 + (z− µ)2)
3/2

+
2µ3 + µσ2 + 2z2

(
3µ +

√
σ2 + (z− µ)2

)
− 2z3 + 2µ2

√
σ2 + (z− µ)2

8b(σ2 + (z− µ)2)
3/2

−
z
(

6µ2 + 3σ2 + 4µ
√

σ2 + (z− µ)2
)

8b(σ2 + (z− µ)2)
3/2 .

(A7)

Because it is difficult to judge the convexity of MinE[πR(z)], taking the second deriva-
tive of G(z) with respect to z gives,

∂2G(z)
∂z2

∣∣∣∣ ∂G(z)
∂z =0

=
3σ2(2(z− µ)(a + 2bs + µ) + 2b(z− µ)(pc(γτ + 1)en + (τ + 1)cn − τcr + 2cs)− σ2)

8b(σ2 + (z− µ)2)
5/2 < 0, (A8)

where ∂2G(z)
∂z2 is negative when ∂G(z)

∂z = 0 is satisfied. It can be seen that G(z) is either
monotonic or unimodal. Following the above assumption, we find that
G(−∞) = λ1∞

b(b(cn−cr+γpcen)2−2λ1)
< 0, and G(∞) = −cn − pcen − s < 0. If G(z) is mono-

tonic, G(z) monotonically increases in (−∞,+∞) , and thus MinE[πR(z)] is decreasing
for any z in its domain. This case can be dismissed. If G(z) is unimodal, the condition
G(0) > 0 is assumed, guaranteeing the unimodality of G(z). In this case, G(z) has two
zeros with the larger corresponding to a local maximum and the smaller corresponding
to a local minimum of MinE[πR(z)]. In summary, MinE[πR(z)] has its maximum under
the condition G(0) > 0. From G(0) > 0, we can obtain the condition a > aR

t , which is
given in Proposition 2. Due to the complicated form of the condition aR

t , we present only
the procedure to obtain this condition in the Appendix A.4 but omit the derivations of the
closed-form expressions.

Appendix A.5. Proof of Lemma 3

To examine the concavity of the problem, we further calculate Hessian matrix HG.

HG =

 ∂2πG

∂pG(z)2
∂2πG

∂pG(z)∂gG(z)
∂2πG

∂gG(z)∂pG(z)
∂2πG

∂gG(z)2

 =

(
−2b −bpcθ
−bpcθ −λ2

)
(A9)

Following our previous assumption, the first principal minor |HG
1 | = −2b is negative,

and the second principal minor |HG
2 | = b

(
2λ2 − bθ2 p2

c
)

is positive. Thus, Hessian matrix
HG of the manufacturer’s profit function is negative definite and jointly concave regarding
pG(z) and gG(z). Next, we solve the first-order optimality condition.

The necessary condition of optimization of the manufacturer’s profit yields

∂πG

pG(z)
=

(
2a + 2b(pcen + cn)− 2b(gθpc + 2p) + µ−

√
σ2 + (z− µ)2 + z

)
2

; (A10)

∂πG

gG(z)
= θpc(a− bp + z)− gλ2. (A11)

(A10) and (A11) to zero and solving them simultaneously, we can obtain the optimal
value of pG∗(z) and gG∗(z), which is given in Lemma 3.
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Appendix A.6. Proof of Proposition 3

After substituting pG∗(z) and gG∗(z) into Equation (16), the optimization problem
becomes an optimization problem with a single variable z. Thus, the optimization problem
can be formulated as follows:

max
{z}

MinE[πG] =(pG∗(z)− cn − pc(en − θgG∗(z)))(a− bpG∗(z) + µ)− (cn + pc(en − θgG∗(z)) + s)(z− µ)

−(pG∗(z) + s + cs)
(σ2 + (z− µ)2)

1
2 − (z− µ)

2
+ pcet −

λ2gG∗(z)2

2

(A12)

The first derivative of E[πG(z)] with respect to z is given by

∂MinE[πG(z)]
∂z

=
λ2

(
−2a

(
µ +

√
σ2 + (z− µ)2 − z

)
+ 2b

(
−µ + 3

√
σ2 + (z− µ)2 + z

)
(pcen + cn)

)
4b
√

σ2 + (z− µ)2(bθ2 p2
c − 2λ2)

+
λ2

(
4bs
(
−µ +

√
σ2 + (z− µ)2 + z

)
+ σ2 − 2z

(
µ +

√
σ2 + (z− µ)2 − z

))
4b
√

σ2 + (z− µ)2(bθ2 p2
c − 2λ2)

+
2bcs

(
µ +

√
σ2 + (z− µ)2 − z

)(
bθ2 p2

c − 2λ2
)

4b
√

σ2 + (z− µ)2(bθ2 p2
c − 2λ2)

−
2bθ2 p2

c

((
−µ +

√
σ2 + (z− µ)2 + z

)
(a + bs− µ + 2z) + σ2

)
4b
√

σ2 + (z− µ)2(bθ2 p2
c − 2λ2)

.

(A13)

To determine the shape of MinE[πG(z)], we define G(z) = ∂MinE[πG(z)]/∂z. The
following is then obtained

∂G(z)
∂z

=
λ2

(
σ2(2a + 2b(pcen + cn) + 4bs− µ + 3z)− 2z2

√
σ2 + (z− µ)2 − 2µ2

√
σ2 + (z− µ)2 − 2σ2

√
σ2 + (z− µ)2

)
4b(σ2 + (z− µ)2)

3/2(bθ2 p2
c − 2λ2

)
+

λ2

(
4µz

√
σ2 + (z− µ)2

)
− 2bθ2 p2

c

(
σ2(a + bs) + 2z2

(√
σ2 + (z− µ)2 − 3µ

)
+ 2z3

)
− 2bσ2cs

(
bθ2 p2

c − 2λ2
)

4b(σ2 + (z− µ)2)
3/2(bθ2 p2

c − 2λ2
)

+
2λ2(z− µ)3 − 2bθ2 p2

c

(
z
(

6µ2 + 3σ2 − 4µ
√

σ2 + (z− µ)2
)
+ 2
(
µ2 + σ2)(√σ2 + (z− µ)2 − µ

))
4b(σ2 + (z− µ)2)

3/2(bθ2 p2
c − 2λ2

) .

(A14)

Because it is difficult to judge the convexity of MinE[πG(z)], taking the second deriva-
tive and third derivative of G(z) with respect to z gives,

∂2G(z)
∂z2 =

3σ2(−λ2
(
2az + 2bz(pcen + cn + 2cs) + 4bsz− σ2)+ 2z(bθpc + k)(θpc(a + bs) + ks)

)
4(σ2 + z2)

5/2
((bθpc + k)2 − 2bλ2)

+
3σ2(2z(bθpc + k)(cs(bθpc + k) + kpcen + kcn)− 2bθ2σ2 p2

c
)

4(σ2 + z2)
5/2

((bθpc + k)2 − 2bλ2)
,

(A15)

∂3G(z)
∂z3 =

3σ2(λ2
(
8z2(a + 2bs)− σ2(2a + 4bs + 5z) + 2b

(
4z2 − σ2)(pcen + cn + 2cs)

)
+ 2σ2(θkpc(a + 2bs))

)
4(σ2 + z2)

7/2
((bθpc + k)2 − 2bλ2)

+
3σ2(2σ2(bθ2 p2

c (a + bs + 5z) + k2s
)
− 8z2(bθpc + k)(θpc(a + bs) + ks)

)
4(σ2 + z2)

7/2
((bθpc + k)2 − 2bλ2)

−
3σ2(2(4z2 − σ2)(bθpc + k)(cs(bθpc + k) + kpcen + kcn)

)
4(σ2 + z2)

7/2
((bθpc + k)2 − 2bλ2)

,

(A16)

where ∂3G(z)
∂z3 is positive when ∂2G(z)

∂z2 = 0 is satisfied. It can be seen that
∂G(z)

∂z is either monotonic or unimodal. Following the above assumption, we find that
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∂G(z)
∂z |z→−∞ = λ2

2bλ2−b2θ2 p2
c
> 0, and ∂G(z)

∂z |z→∞ = 2θ2 p2
c

2λ2=bθ2 p2
c
> 0. If ∂G(z)

∂z is monotonic, then
∂G(z)

∂z is always positive, which means there is a local minimum value of MinE[πG(z)]
when G(z) = 0 is satisfied. This case can be dismissed.

If ∂G(z)
∂z is unimodal, the condition ∂G(z)

∂z |z=0 < 0 is assumed, guaranteeing the uni-

modality of ∂G(z)
∂z . In this case, ∂G(z)

∂z has two zeros with the larger (zG
t1) corresponding to a

local minimum and the smaller (zG
t2) corresponding to a local maximum of G(z). Note that

G(−∞) < 0 and G(∞) > 0. In other wards, G(z) has at least one zero point. If G(z) only
has one zero, then MinE[πG(z)] only has a local minima. This case can be dismissed. If
G(0) > 0 and G(zG

t1) < 0, then G(z) has three zeros with the second largest corresponding
to a local maximum of MinE[πG(z)].

In summary, MinE[πG(z)] has its maximum when the conditions ∂G(z)
∂z |z=0 < 0,

G(0) > 0, and G(zG
t1) < 0 are satisfies simultaneously. From ∂G(z)

∂z |z=0 < 0, we can
obtain the condition a > aG

t1. From G(0) > 0, we can further obtain the condition a > aG
t2.

Similarly, we can obtain the condition a > aG
t3 from G(zG

t1) < 0. Given the above discussion,
we can find that when a > max{aG

t1, aG
t2, aG

t3}, MinE[πG(z)] has its maximum. Furthermore,
we denote that aG

t = max{aG
t1, aG

t2, aG
t3}, which is given in Proposition 3. Due to the compli-

cated form of the condition aG
t , we present only the procedure to obtain this condition in

the Appendix A.6 but omit the derivations of the closed-form expressions.

Appendix A.7. Proof of Lemma 4

To examine the concavity of the problem, we further calculate Hessian matrix HRG.

HRG =

 ∂2πRG

∂pRG(z)2
∂2πRG

∂pRG(z)∂gRG(z)
∂2πRG

∂gRG(z)∂pRG(z)
∂2πRG

∂gRG(z)2

 =

(
−2b −bpcθ(1− γτ)

−bpcθ(1− γτ) −λ2

)
(A17)

Following our previous assumption, the first principal minor |HRG
1 | = −2b is nega-

tive, and the second principal minor |HRG
2 | = b

(
2λ2 − bθ2 p2

c (γτ − 1)2) is positive. Thus,
Hessian matrix HRG of the manufacturer’s profit function is negative definite and jointly
concave regarding pRG(z) and gRG(z). Next, we solve the first-order optimality condition.

The necessary condition of optimization of the manufacturer’s profit yields

∂πRG

pRG(z)
=

(
2a + 2b(pc(γτ − 1)(gθ − en)− (τ − 1)cn + τcr)− 4bp + µ−

√
σ2 + (z− µ)2 + z

)
2

; (A18)

∂πRG

gRG(z)
=

θpc

(
−γτ(2a− 2bp + µ + z) + 2(a− bp + z) + γτ

√
σ2 + (z− µ)2

)
− 2gλ2

2
. (A19)

(A18) and (A19) to zero and solving them simultaneously, we can obtain the optimal
value of pRG∗(z) and gRG∗(z), which is given in Lemma 4.

Appendix A.8. Proof of Proposition 4

After substituting pRG∗(z) and gRG∗(z) into Equation (22), the optimization problem
becomes an optimization problem with a single variable z. Thus, the optimization problem
can be formulated as follows:

MinE[πRG] =(pRG∗(z)− cn + τ(cn − cr)− pc(1− γτ)(en − θgRG∗(z)))(a− bpRG∗(z) + µ)

− (pRG∗(z) + (cn − cr)τ + γτpc(en − θgRG∗(z)) + s + cs)
(σ2 + (z− µ)2)

1
2 − (z− µ)

2
+ pcet

− (pc(en − θgRG∗(z)) + cn + s)(z− µ)− λ1τ2

2
− λ2gRG∗(z)2

2

(A20)
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The first derivative of E[πRG(z)] with respect to z is given by

∂MinE[πRG(z)]
∂z

=
−2bθ2 p2

c
(
(−µ + φ2 + z)

(
−aγτ + a + bs(γτ − 1)2 − µ(γτ + 1) + 2z

)
+ σ2)

4bφ2
(
bθ2 p2

c (γτ − 1)2 − 2λ2
)

+
−2bθ2 p2

c (b(γτ − 1)((γ− 1)τcn(−µ + φ2 + z) + τcr(−µ + φ2 + z)))
4bφ2

(
bθ2 p2

c (γτ − 1)2 − 2λ2
)

+
−2bθ2 p2

c (b(γτ − 1)(−cs(γτ − 1)(µ + φ2 − z))) + λ2(−2a(µ + φ2 − z))
4bφ2

(
bθ2 p2

c (γτ − 1)2 − 2λ2
)

+
λ2(2b(cn((3− τ)(φ2) + (τ + 1)z− µ(τ + 1)) + (µ + φ2 − z)(τcr − 2cs)))

4bφ2
(
bθ2 p2

c (γτ − 1)2 − 2λ2
)

+
λ2
(
4bs(−µ + φ2 + z) + σ2 − 2z(µ + φ2 − z)

)
4bφ2

(
bθ2 p2

c (γτ − 1)2 − 2λ2
)

−2bλ2 pcen(γµτ + µ + (γτ − 3)φ2 − z(γτ + 1))
4bφ2

(
bθ2 p2

c (γτ − 1)2 − 2λ2
) , (A21)

where φ2 =
√

σ2 + (z− µ)2.
To determine the shape of MinE[πRG(z)], define G(z) = ∂MinE[πRG(z)]/∂z. The

following is then obtained

∂G(z)
∂z

=
λ2σ2(2a + 2b(pc(γτ + 1)en + (τ + 1)cn − τcr + 2cs) + 4bs− µ + 3z)

4b(σ2 + (z− µ)2)
3/2(bθ2 p2

c (γτ − 1)2 − 2λ2
)

+
−2bθ2 p2

c

(
σ2
(
−aγτ + a + bs(γτ − 1)2 + 2

√
σ2 + (z− µ)2

)
− µσ2(γτ + 2)− 2µ3

)
4b(σ2 + (z− µ)2)

3/2(bθ2 p2
c (γτ − 1)2 − 2λ2

)
+
−2bθ2 p2

c

(
2z2
(√

σ2 + (z− µ)2 − 3µ
)
+ 2z3 + z

(
6µ2 + 3σ2 − 4µ

√
σ2 + (z− µ)2

)
+ 2µ2

√
σ2 + (z− µ)2

)
4b(σ2 + (z− µ)2)

3/2(bθ2 p2
c (γτ − 1)2 − 2λ2

)
+
−2b2θ2σ2 p2

c (γτ − 1)((γ− 1)τcn + τcr + cs(γτ − 1))− 2λ2z2
√

σ2 + (z− µ)2 − 2λ2µ2
√

σ2 + (z− µ)2

4b(σ2 + (z− µ)2)
3/2(bθ2 p2

c (γτ − 1)2 − 2λ2
)

+
−2λ2σ2

√
σ2 + (z− µ)2 + 4λ2µz

√
σ2 + (z− µ)2 + 2λ2(z− µ)3

4b(σ2 + (z− µ)2)
3/2(bθ2 p2

c (γτ − 1)2 − 2λ2
) .

(A22)

Because it is difficult to judge the convexity of MinE[πRG(z)], taking the second
derivative and third derivative of G(z) with respect to z gives,

∂2G(z)
∂z2 =

3σ2(2bθ2 p2
c
(
(γτ − 1)(z− µ)(a− bγsτ + bs + µ) + b(γτ − 1)(z− µ)(cs − τ((γ− 1)cn + cr + γcs)) + σ2))

4b(σ2 + (z− µ)2)
5/2(2λ2 − bθ2 p2

c (γτ − 1)2
)

+
3σ2(λ2

(
2(z− µ)(a + 2bs + µ) + 2b(z− µ)((τ + 1)cn − τcr + 2cs)− σ2)+ 2bλ2 pc(γτ + 1)en(z− µ)

)
4b(σ2 + (z− µ)2)

5/2(2λ2 − bθ2 p2
c (γτ − 1)2

) ,

(A23)

∂3G(z)
∂z3 =

3σ2(5φ1
(
2bθ2 p2

c
(
(γτ − 1)φ1(a− bγsτ + bs + µ) + σ2)+ λ2(2bφ1((τ + 1)cn − τcr + 2cs))

))
4b
(
σ2 + φ2

1
)7/2

(bθ2 p2
c (γτ − 1)2 − 2λ2)

+
3σ2(5φ1

(
2b2θ2 p2

c (γτ − 1)φ1(cs − τ((γ− 1)cn + cr + γcs)) + λ2
(
2φ1(a + 2bs + µ)− σ2)))

4b
(
σ2 + φ2

1
)7/2

(bθ2 p2
c (γτ − 1)2 − 2λ2)

+
3σ2(10φ2

1bλ2 pc(γτ + 1)en − 2
(
σ2 + φ2

1
)
(λ2(a + b(pc(γτ + 1)en + (τ + 1)cn − τcr + 2cs) + 2bs + µ))

)
4b
(
σ2 + φ2

1
)7/2

(bθ2 p2
c (γτ − 1)2 − 2λ2)

+
3σ2(2(σ2 + φ2

1
)(
−bθ2 p2

c (γτ − 1)(a + b(cs − τ((γ− 1)cn + cr + γcs)) + b(s− γsτ) + µ)
))

4b(σ2 + (z− µ)2)
7/2

(bθ2 p2
c (γτ − 1)2 − 2λ2)

,

(A24)

where φ1 = z− µ.

Note that ∂3G(z)
∂z3 is positive when ∂2G(z)

∂z2 = 0 is satisfied. It can be seen that
∂G(z)

∂z is either monotonic or unimodal. Following the above assumption, we find that
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∂G(z)
∂z |z→−∞ = λ2

b(2λ2−bθ2 p2
c (γτ−1)2)

> 0, and ∂G(z)
∂z |z→∞ = 2θ2 p2

c
2λ2+bθ2 p2

c (1−γτ)2 > 0. If ∂G(z)
∂z is

monotonic, then ∂G(z)
∂z is always positive, which means there is a local minimum value of

MinE[πRG(z)] when G(z) = 0 is satisfied. This case can be dismissed.
If ∂G(z)

∂z is unimodal, the condition ∂G(z)
∂z |z=0 < 0 is assumed, guaranteeing the uni-

modality of ∂G(z)
∂z . In this case, ∂G(z)

∂z has two zeros with the larger (zRG
t1 ) corresponding to a

local minimum and the smaller (zRG
t2 ) corresponding to a local maximum of G(z). Note that

G(−∞) < 0 and G(∞) > 0. In other wards, G(z) has at least one zero point. If G(z) only
has one zero, then MinE[πRG(z)] only has a local minima. This case can be dismissed. If
G(0) > 0 and G(zRG

t1 ) < 0, then G(z) has three zeros with the second largest corresponding
to a local maximum of MinE[πRG(z)].

In summary, MinE[πRG(z)] has its maximum when the conditions ∂G(z)
∂z |z=0 < 0,

G(0) > 0, and G(zRG
t1 ) < 0 are satisfies simultaneously. From ∂G(z)

∂z |z=0 < 0, we can obtain
the condition a > aRG

t1 . From G(0) > 0, we can further obtain the condition a > aRG
t2 .

Similarly, we can obtain the condition a > aRG
t3 from G(zRG

t1 ) < 0. Given the above
discussion, we can find that when a > max{aRG

t1 , aRG
t2 , aRG

t3 }, MinE[πG(z)] has its maximum.
Furthermore, we denote that aRG

t = max{aRG
t1 , aRG

t2 , aRG
t3 }, which is given in Proposition 4.

Due to the complicated form of the condition aRG
t , we present only the procedure to obtain

this condition in the Appendix A.8 but omit the derivations of the closed-form expressions.
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