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Highlights

We evaluate environmental economic performance of environmentally friendly
product in the context of supply chain.

We develop a supply chain model incorporating environmental policies with multiple
environmental sustainable constraints.

Stakeholders’ Environmental interests are reflected by constructing environmental
sustainable constraints.

We investigate interrelation among supply chain firms, government andiconsumers in
reducing environmental externalities.

The government policy incentives for sustainable supply*chain to’be cost competitive

is quantitatively assessed.
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Abstract: This study investigates the mechanism that motivates supply chain firms to reduce
environmental externalities while balancing the economic feasibility of ‘the /supply chaémsystler
environmentdl constraied circumstances in a competitive market. Taking government policy incentives
into account, a quantitative modelariintegrated supply chain thatincorperates sustainable constraints is
formulated to optimize supply chain firmsperational strategies.of producing environmental friendly
products (EFPs). T study contributes to the literature with, a better understanding the interplay and
interrelation of multiple sustainable constraints and theirsimpact on supply chain Gotteborative
decisions. Our findings suggest that the decisions of operating EFPs are subject to sustainebigsconst
and that the government policy incentives play, a“dominant role overseeing supply chaih firms
environmental behaviors toward sustainability.

Keywords. sustainable supply chain; environmental externality; sustainable constraint; envignment

friendly products; stakeholders.

1 Introduction

Over the past few decades, economic development has caused many environmental issues that our
society currently“fags including climate change, ozone decline, nuclear radiation, industrial toxins,
widespread /air and water pollutions (Cohen and Winn, 2007). Similar to climate chasjeenative
externalities can.be traced back to market failure (Coase, 1960). To a large extentiremtabpollution
and damage caused by firnmoduction processes and the use of their products are not directly captured in
the, market; i.e., they aréexternal to private sectors and are therefore potential sources of market
inefficiency. Since the costs of repairing the environment and/or removing the damagesecegmized
or accounted for by the supply chain firms, the real problem created in the free-market economy is that they

do not have to subtract these costs from their overall revenues. Consequently, privateprosisction
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tend to be lower than related social spgthich can lead to inefficiency in the resource allocation. The
guestion of how to resolve these issues of environmental externalities has become thefsubjtebtide
debate. Thus, the purpose of this research is twofold: 1) to investigatmechanism of economic
feasibility that reduces environmental externalities in the context of the supply chEmayhile taking
stakeholders environmental interests as sustainable constraints amaol @din insight into the balance
between economic development and environaigmbtection.

With increasing awareness of the need for environmental protection and sustainability as well as
pressures from governments, customers, and various stakeholder groups, companies are€ being urged to
effectively incorporate sustainability issues into their supply chain management. (SCM) s¢Geidest
al.,, 2010). In addition, the issue of supply chain sustainability combining“sustainable development and
supply chain management has been receiving increased attention (Dyllick.and Hockers, 2002).

Sustainable development is often described as a combination ofenvironmental, social, and economic
issues involved in human development (Zailani et al., 2012). As_cerporations attempt toomaxe t
environmental sustainability, management must extend their efforts.to improve environmenie¢gract
across their supply chains (Vachon and Klassen, 2008)..0One of the most importanhigsees logistics
is how to identify preferred solutions that balance environmental and business concerns (Qedrdyas
2009). Previous studies have addressed sustainability in"SCM from different perspiivdsg green
product design (Mallidis et al., 2012), green purchasing’and supplier selection (Bai and SarkiBaga010
2002; Kumar et al., 2014), manufacturing_(llgin and” Gupta, 2010), remanufacturing (Mitra and Webster,
2008), reverse logistics (Barker and Zabinsky," 2011), closed-loop logistics (Devika et al., 2014), and
supply chain design (Chaabane et al., 2011). Although the literature regarding environmental management
in the supply chain context has been:growing in recent years (Tseng and Hungih&0igrplay effects
that incorporate environmental externalities, government policy incentiegsl stakeholders’
environmental interests (as sustainable constraints in this domain) have not been fjoient aifention.

Since they are important for both environmental and economic sustainability, they requirectdeamelti
empirical investigations.

Negative externalities resulting from the poor environmental performance of supply chaincéin
have a destructive) impact on environmental sustainability (Delucchi, 2000). Thus, firms have been
increasingly under pressure to achieve a balance between profitability and sustaidiifitgining such
a balance,in-the long run requires firms to take a holistic approach toward sustaaric@f flow (profit),
resource flow (planet), and development flow (people) (Tang and Zhou, 2012). In this study, we refer
“reducing environmental externalitiéss the efforts that firms make (under government enforcement and
incentives) to reduce environmental pollution through improvementheir production processes or
product usage. In other words, it involves transformation presésat attempt to effectively control and
prevent pollution from the manufacturing source. In doing so, environmental externalities can be

internalized by the development of a sustainable supply chain among partner firms not only for@conomi



development but also for environmental and socially sustainable development (Seuring and Miller, 2008;
Erol et al., 2011).

The internalization (reduction) of externalities is one of the necessary paths for achiestaigability
(Bithas, 2011). However, reducing externalities comes with financial burdens (attribusettiiagnal
expenses) when attempting to manufacture products that ensure ecological sustainability. ukigs incl
additional investments incurred because of greening and the penalties levied for not meeting certai
standards (Barari et al., 2012). With a profit-driven nature that favors theiinberests, firms inevitably
seek trade-offs by balancing conflicting pressures that are often connected with sustainable eet/elopm
i.e., firm-level economic performance versus environmental degradation and social disruption (Matos and
Hall, 2007). Moreover, firms are compelled to reduce their impact on the environment bgddtiory
and non-regulatory pressures from the government, market, and commuhity (Hall, 2000).

The environmental behaviors of partner firms may have influences lon the/supply chain’s value
transformation process (Klassen and Vachon, 2003). Changes=in value transformation represent
opportunities for supply chain membeteconsideration of collaberative’ relationships. Contracts and
supply chain cooperation should be further understood so(thatisustainability issues are not simply viewed as
trade-offs (Seuring, 2013). These issues raise the following:=questions:

How can supply chain firms manageably deal with\the complex and dynamic nature of reducing
environmental externalities?

Which trade-offs occur between the environmental impacts of supply chain duonsmic activities
andtheir costs, and what are the best solutions that bakubegical and economic concerns (Dekker
2012)?

What factors influence supply-chain membebllaborative relationships when they face the challenge
of improving their environmental performarice

What are the sustainable constraints that represent environmental externalitigskeldders’
environmental interests, andvhdo they affect supply chain firms’ decision behaviors?

Would government ‘policy incentives help motivate supply chain firms to make environmental
technology investments’in the competitive meket

The present study seeks to address these issues by introducing multiple sustainable camstraints i
guantitative model of an integrated supply chain that refleetssholders’ environmental interests,
analyzingsthe joint effects of the multiple sustainable constraints and their interrelatsupmy chain
firms’/decision behaviors, and explicating the environmental and economic performance of the supply
chain“system. By constructing an integrated supply chain model while considering governmesg, polici
our research investigateswply chain system’s evolving path towards environmental sustainability.

The remainder of this paper is organized as follows. Section 2 reviews the existingrditeBatction 3
describes the sustainable constraints while takiageholders’ environmental interests into account.

Section 4 formulates an integrated environmental sustainable supply chain model witte reuttipinable



constraints and analyzes the solution structure. Section 5 provides the results and discussioal. The
section draws the conclusions and presents future research directions.
2 Literaturereview

There have been numerous literature reviews on green or sustainable supply chain research (e.g.,

Bloemhof-Ruwaard et al., 1995; Reed, 2008; Quariguasi et al.; 83308 et al., 2010; llgin and Gupta,
2010; Dekker, 2012; Seuring andilér, 2008; Seuring, 2013; Brandenburg et al., 20%himnia et al.,
2015. Bloemhof-Ruwaard et al. (1995) observed the earliest studies on the applidatiperational
research (OR) optimization models to environmental management (&tghe8 and Rembold, 197Das
and Haimes, 197%®Batta and Chiu, 1988; Ellis, 198Bouzaher et al., 1990). Brandenburg et al. (2014
observed that, among the extant reseaglated to the SCM perspective, sustainability-is often externally
motivated by the government, the customers or stakeholegrsGold et al»2010; Seuringnd Miiller,
2008), and a vertical coordination for improving environmental performance/among supply chsiis firm
required (Carter and Rogers, 2008). Fahimnia et al. (2015) presented an excellent strugawedfrev
green SCM literature and stated the following

“Sustainable and green supply chain management is necessarilyiglobalized. Broadening the number
and location of countries where green supply chain management is  investigated is required. Without the
voices of less-developed countries amongst the esearchers portends a major weakness and belies a
multi-culturally and globally relevant viewpoiit.

They also observed that conceptual and empirical studies represent the most influential works, and
prescriptive, normativeandquantitative modeling have begun to take on greater importance. In particular,
opportunities abound for additional research in the formal modeling of green SCM with practical
applications (Fahimnia et al., 2015)."As environmental issues become a worldwide concern, within the field
of OR, research comhiimg environmental issues and OR models has been growing rapidly.

Through our literature” survey, we found that the related literature may be dthssifievo different
schools: 1) the study. of supply chain firngecision-making processes interrelateith environmental
responsibility (i.e.4 eliminating pollution at its source), from the perspective of stdkef@nvironmental
interests; and-2). the. integration of environmental issusapply chain optimization through a guantitative
model-based approach, which can be found in the studies on green/sustainable/reverse/closed-loop supply
chains;

Externality costs occur when the private calculation of costs differs from (usually muclnde3s t
society’s valuation of costs (Griffin and Steele, 1980). The school of stakeholdérsnvironmental interests
argues that firms should accept liability for environmental externalities through engmtairtechnology
investments (Matthews and Lave, 2000; Ding et al., 1999, 2008; Ding and Xu, 2010; Hchmdjiémiri,

2008; Nguyen, 2008; Long2008)In addition, the environmental and social impacts of supply chains are

becoming increasingly important and influential. Thus, firms are under pressure to become environmentally



friendly, especially from the government, the community, and the customers, all of avbithe main
stakeholders that affect their technology adoptions (Luken and Rompaey, 2008).

To the government, environmental quality is a public good that must be protected from damage created
by any private agents (Owen, 2004). However, markets cannot meet the requirements of Pareto efficiency
when fully defined and enforceable property rights are absent. Thus, it is necessary foethmgot/to
tax and regulate the environmental damage caused by production (Common, 1979). Previous studies have
shownthat firms’ initial environmental performance is influenced by governmental regulation (Laplante
and Rilstone, 1996; Gray and Deily, 1996). In this regard, the stricter the regulation, the proréneff
firms will exert to reduce pollution.

For consumers, their purchasing choices exert market pressure on firms“(York and Venkataman, 2010).
When consumers prefer environmentally friendly products (EFPs), they have a tendency taeay pri
premiums (Loureiro and Lotade, 2005). While the government and|consumers are the external drivers,
supply chain partner firms may provide internal pressurefions’ _environmental behaviors. Firms’
environmental proactivity can also act as a source of strategic\resources, capabilities, andadiffierenti
competitive advantages (Gonzalez-Benito et al., 2005). Moreowerndividual firm’s sustainable
operational strategies can generate the largest benefitstonly.when the strategies are #tighedenof
their upstream supplie and downstream customers,(Tangyand Zhou, 2012). The solution to internalizing
environmental externality not only involves individual firms, but also the participatiorc@oypkration
among supply chain members. The related literature shows the consensus thdiusiness activities
should comply with environmental regulations and improve their environmental performance.

Following up on the related literature, further study on quantitgtivedeling sustainable supply chain
management (SSCM) into the”supply chain level is necessary, palyictiam the prospective of
resolving conflicts between supply chain mersbe¢lf-interests and the social interests of environment
protection. Such resolutions,can be achieved by integrating inter-organizational interdependéidies, w
have a strong focus on aspecteobefficiency. It is still rare in the existing literature to use guantitative
method to address the effects of government policies on supply chaih éinrionmental performance,
the studies thajointly consider multiple sustainable constraints in a quantiatiptimization model
creatively, add to the field of study. More specifically, since studies that examine the supplg chain
integrated decision-making proce@scorporatingstakeholders’ environmental interests as sustainable
constraints).are limited, the present study aims to fill this research gap.

It is evident from the literature that studies considering envirorahé&sues in supply chains are
popular (Osmanand Zhang, 2014; Leigland Li, 2014; Whiteand Lee, 2009). As for the integration of
environmental issues through supply chain optimization, previous studies have employed différeds me
to evaluate environmental investment decisions. For example, one study formulated a mulieobject
model using mathematical programming for environmeimeatstment decision-making (Higgins et al.,

2008), while another study employed the lifecycle assessment method to evaluate potémrahental



costs and impacts associated with products or pres#ssughout its lifecycle (Gaterell and Lester, 2000).
Ding et al. (2014) explored the motivation factors that drive firms to produce environgédrésidly
products, using the lifecycle approach to assess the performance of internalizing environmental
externalities. Yalabikand Fairchild (2011) develagg an economic analysis to examine the effects of
consumer, regulatory, and competitive pressurestvan firms’ investments toward environmentally
friendly production as they compete for environmentally sensitive customers. &llsrsuggest that
policy incentives are stronger drivers of environmental innovation than penalties, pdytiatien dealing

with “dirty” industries. They also found that subsidies offered to encourage fomavest in
environmental innovation were more effective than actions shmaply increase<envirenmental fines.
Radulescu et al. (2009) studied a multi-objective programming approach forproduction planning processes
that incorporatesa single type of constraint on pollutant emissions.-In their study, two alternative
optimization problems of either minimum pollution penalties or maximum expected refuares
considered. These studies, however, are only based on the context of.individual manufacturers.

Hasan (2013) examined whether the adoption of environmental-practices in SCM can haveea posit
impact on the environmental and operational performance of companies, where descriptive case studies
were only presented without using a quantitative model=based approach. Wu and Pagell (2011) employed
theory-building approach through case studies to,address the issues of balancing short-tebilitprofi
and long-term environmental sustainability when making supply chain decisions under uncertain conditions.
Kumar et al. (2014) proposed a green data envelopment analysis approach that incorporagesdmisro
suppliers and took into account regional emission compliance standards and laws to encourage suppliers to
go“greer’ and cut down on carbon footprints. Devika et al. (2014) proposed a multi-objective optimization
model with mixed integer linearprogramming formulation for a general closed-loop supplynehaork,
which includes the environmentahd social impacts of the network for minimizing the total costs of the
network. Tseng and Hung(2014) proposed a strategic decision-making model by considering both the
operational costs and social costs caused by carbon dioxide emissions from a supply chain network that
incorporates sustainability driven by pressure from the government and various stakehotteralse,
the social costs of .carbon emissions caused by the proguwotduction process and transportation are
included as'the components of the total costs of the objective function. They eddlgata legislation
that forces firms to bear the social costs of carbon dioxide emissions is an effectiice redyce carbon
dioxide "emissions resulting from their business activities. Barari et al. (2012)igavedta synergetic
allianece between the environmental and commercial benefits, based on the argument that coordination
between manufacturers and retailers hedpspt their strategies of initiating green practices, while
maximizing economic profits by leveraging the product’s “greennes3 Here, the evolutionary game
approach is usetb arrive at the optimal strategy set (whisheconomically beneficial for supply chain
firms) and thus, it establishes equilibrium. Overall, the literature revealsntmasingle type joint

constraints of environmental sustainability have been rarely considered. Therefore, oucantridmites



to the literature by introducing joint multiple sustainable constraints as an extengfienextant literature
in order to shed light on the economic feasibility of producing green products that are istbteRipply
chain firms decisions.

Environmental collaboration is defined a specific focus on inter-organizational interactions between
supply chain members, including joint environmental goal setting, shared environmental planning, and
working together to reduce environmental pollution, which can be directed either upstream toward
suppliers or downstream toward customers (Vachon and Klassen, 2008). In their study, idmshigat
between environmental collaboration in the supply chain and manufacturing perfermance (including cost,
quality, delivery, flexibility, and environmeniy empirically examined using a .sample of firms in the
package printing industry. However, most empirical studies lacked an investigation-intethiayand
interrelation among supply chain firmmsconomic-environmental trade-off decision behaviors, which opens
the possibility of applying a quantitative model of optimization in orderto gain more insight into this issue.

As for operational research, the most common purpose is to.illustrate how supply chains can operate
with the coordination of both environmental and economic targets. For example, Cruz (2008) modeled the
multi-criteria (the maximization of profiand the minimization“ef emission and risk) decision-making
behaviors of various decision-makers (manufacturersyeretailers, and consumers) in supply chains, whil
Although profit indicators are more direct in reflecting the economic performance otigps/ £hain
(taking externalities into account), it lacks thedlifecycle perspective. In comparison, theseit value
method is more commbnused for evaluating an investment projext(,an investment in environmental
technologiel where its lifecycle effects can.be incorporated. The related literature mainly focuses on
specific operatioal problems, such/as decisions on production planning, logistics, location, allocation,
inventory control, and information sharing. From the viewpoint of green investment decsioins
corporate level, studies that.examine how various stakeholdesests concerning environmental issues
can coordinatgl balance theyeconomic feasibility of green investments in the supply chain are relatively
rare. In addition, thedssue regarding how supply chain firms can be effectively motivatettecgreen
investments have‘yet to he sufficiently examined.

Although the.empirical research on SSCM primarily focuses on the intra-organizdéiealal they
neglect to investigate inter-organizational aspects (e.g., Gandéraston, 2011). Unlike empirical research,
formal SSCM models integrate inter-organizational interdependencies, including the perspective of legal
authorities..Hence, they are capable of reflecting external triggers of sustainability (Gld 2810;
Seuringand Miiller, 2008). The open question is whether model-based research takes into account the
intercompany perspective. Moreover, if the role and influence of stakeholders is adequately reflected in
guantitative SSCM models, then quantitative models could be employed to elaborate on the witerplay
regulatory decisions made by managers of supply chains or industries (Brandenburg et alTh20hd)n
studies reviewed above especially those published in the main OR journals are listed in Table 1.

Table 1 Summary of the main previous studies in the main OR journals



Authors Focus (Journals) Approaches/Models
Bai & Sarkis010 Supplier selection (1JPE) Grey system and rough set
approach
Barker & Zabinsky (2011). | Reverse logistics (Omega) Analytical hierarchy process
Brandenburg et al. (2014) | Analytical modeling research (EJOR) Literature review
Dekker et al. (2012 Highlight contribution of OR to gree| Areview
logistics (EJOR)
Caniéls et al. (2013) Driver factors of supplier participation i Partial least squares
SCM (JP&SM) methodology
Chung et al. (2013) Pollution taxes in supply chain networks| Dynamic game
(EJOR)
Devikaetal. (2014) Closed loop suppl{fEJOR Hybrid meta‘heuristic methods
Ding et al. (2014) Reducing environmental externaliti{ Green investment valuation
(Jcp) with lifeeyclesapproach
Hasan, M. (2013) environmental practices in SCM (AJIBM) Literature review and case stug
Higgins, AJ., Hajkowicz, S, | Environmental investment decision multi-objective integer
Bui, E. (2008) (Computers & OR) programming
Kumar, A., Jain, VY Kumar, | Supplier selection (Omega) Green DEA (GDEA)
S. (2014)
Matos, S, Hall, J. (2007) Supply chain sustainable “developmyg life cycle assessment
(Jav)
Osmani & Zhang(2014) Environmental supply chain (Applie| two-stage stochastic
Energy) optimization model
Radulescu, M., Réadulescu, | Production planning under environmen| multi-objective programming
S.,Rédulescu, C. Z. (2009) constraints (EJOR) approach
Seuring, S. (2013) Review of modeling-approaches for SS{ Literature review
(Decision SupportiSystem)
Tang, CS., Zhou, S. (2012) | Classify and) summarize recent OR/N Literature review
researchidevelopments (EJOR)
Yalabik & Fairchild(2011) | Relationship between governme| Economic analysis
regulations and firmiemissions (IJPE)
Tseng, SC., Hung, SW. Sustainable supply chain managem| Strategic decision-making
(2014) (Journal Environmental Management) | model
White, L., Lee, J. (2009) OR and sustainable development (EJOR Literature review and case stug
Wu, ZH., PagellM. (2011)" | Decision-making in SSCM (J@) Theory-building through case
studies

Concurring with these arguments, this study explores the mechanism of reducing the envilonment
externalities”in the supply chain context. Relative to concepts of the green supply chain, internalizing
supply chain environmental externality has its unique view in which it is a process ¥heatsipply chain
firms” collaborative environmental investments under the pressure and influence of stakeholders
environmental interests, which are guided by government policies to reduce/eliminatmreemial
damages and pollution. In this regard, our study also focuses on the mechanism of how supply shain firm
can be motivated to improve their environmental performance and investment decision behaviofs, both

which are subject to stakeholdersnvironmental interestdifferent from the previous supply chain



models, our study incorpoestmultiple sustainable constraints and establishes a model-based framework
in order to quantitatively assess the supply clsagmvironmental investment performance. In addition, it
incorporates the effects of government policies (both penalties and incentives) and consumers
environmental awareness while emphasizing the reduction of environmental externalitiepofiom
perspectives of policy-making and supply chain memh@sision-making. In this case, the overall goal is
to collaboratively fulfill the requirements of environmental sustainability. Our refseantributes to (from
the viewpoint of the supply chadm prosped) understanding the impact of multiple‘constraints on
environmental investmeist economic feasibility and its potential in reducing externalities. Considering the
environmental investment projésteconomic break-even as a milestone and<incorporating the timing
factors that affect the process of internalizing externalities, our modelprovides a balanced and
economically feasible decision-making framework #supply chain to make optimal price and product
quantity decisions, and for the government to make optimal subsidy decisions.
3 Environmentally sustainable constraints
In order to structure a constrained framework for an environmental’ supply chain modeliswérst
introduce the environmental sustailebonstraints that characterize stakehofdersironmersdl interests.
In regard to stakeholders, they play important roles.insreducing environmental exter(Biigiese and
Verbeke, 2003; Reed, 2008; Tseng and Hung,»2014).\In our study, by considering the government,
consumers, and supply chain firasthe major stakehelders, we characterize their envirorahieterests
through multiple sustainable constraints in_terms of environment carrying capacity as well as regudation
market preferencesrepresenting consumersenvironmental awareness). The process of reducing
environmental externalities is accompanied by game playing and collaborating among the stalaithlders
although their collective objective is‘the ssame, in order to reduce pollution and proteawittoemment,
each individual stakeholder.may\esits' own specific interest. We take it for granted that the decision
baseline of each game player must follow the aforementioned sustainable constraints, whicdksadfetts
also otherplayers’ behaviors and their environmental performance. These constraints correspondingly
characterize the environmental behaviors of the supply chain firms, the government, and the consumers.
Supply chain-firms, as major pollution generators, are profit-driven in the pursuit of economitspenef
and yet, due to the/pressure from governments, consumers, environmental organizations, and communities,
they have to accept their social responsibiliies and be environmentally frieAdlgovernment
(particularly.in a developing country) that is responsible for the sustainability off@#tbnomy and the
environment, not only promoteke country’s economic development, but also regulates firms to accept
their environmental responsibilities. These two missions may, however, conflict with aheragince the
government has to balance the short-term declination in economic growth as well as nfong-ter
environmental sustainability. Consumers who are influenced by their living environment also exert

pressure on firms to engage in environmental supply chain practices. Based on their knowledhealindi
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characteristics, and preferesceonsumers make a trade-off between buying more EFPs (environmental
conscience) and paying higher prices. The sustainable constraints are presented in the following section.
3.1 Environmental constraint

In our model, environmental constraint is presented by environmental carrying capacity,ogicaicol
concept defined as the population of organisms that can be sustained at a steady state considering the
resources available in the ecosystem in which they reside (U.S. Environmentah@ &apiacity Project,
2009). However, in population biology, environmental carrying cap&cifgfined as the environment’s
maximal load (Hui, 2006). In the present study, we refer to environmental cafrying cagadine
maximum load of environmental contamination carrying capacity under which<the environmergaran cl
up the pollution itself without deteriorating. Nevertheless, environmental carrying capagitiest static
since they are contingent on technology, preferences, and the structure of, production and consumption.
They are also contingent on the interactions between physical and biatic factors of the envirormoent (Ar
et al., 1995). One idea for establishing environmental regulations is-basatloime control policy that
regulates the upper limit of allowed emissions volumes. With the'assumption that the volume conyrol polic
is effective, this study uses the pollution emission stahdard, set by the environregaotator (the
government) for each of the firms, as their assigned sharesofienvironmental carrying cBpaaitsupply
chain system, its environmental carrying capacityis.the sum of the assigned capacitiestbéaupply
chain partners. In our model, environmantonstraint/is defined as the requirement in which the total
pollution emitted by a supply chain system cannot” exceed its environmental carrying capacity. Suppl
chain firms have to either reduce production.quantities or invest in environmental techriologées to
reduce emissions. Moreover, the/process of reducing environmental externalities must satisfy the
environmental constraint.
3.2 Regulation constraint

Regulation constraint s/efers to government policies that guide government decisions and supply chain
firms’ business activities. Without internalizing externalities, the financial burdens on the government of
environmental cleaning and restoring can be substantial. When firms are motivated or pressured to make
investments in“environmental technologies, pollution can be prevented at the source so tirdethefb
externality costs on communities can be significantly reduced. Accordingly, the governmeiisigs,
including both regulations and incentives, both of which are necessary for enforcing and motivatng fi
to improve.their environmental performance. More specifically, the government imposes pesistpn
pollution;"and offers subsidie® environmental technology investments. In regard to the latter, the
government subsidy should only compensaies certain extent, supply chain firms’ incremental costs
associated with the reduction of environmental externalities.
3.3 Market constraint

Market constraint refers to énsumer’s preference, which depends on the total purchase price and

usage cost of product. The price of an EFP is more expensive than a traditional product due to the
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additional investment in environmental technologies and processes. Considering that theisnarket
competitive and an EFP competes with an environmentally unfriendly product (EUFR)meosigprefer
both a clean environment and an acceptable price premium for the EFP. However, consumers have a
trade-off between environmental quality concern and price sensitivity because of their imooged
constraints. In addition, their different preferenégsend on the product’s total cost of purchase and usage.
In our model, the market constraint reflects the requirement that the total purchase and tsaf&ESs
should not exceed that of EUFPs.

Moreover,aninventory management policy in terms of vendor managed inventory (VMI) js considered
in our model as an additional constraint, since one may argue that it is usuallyoftparsupply chai
process and its impact on operations strategies should not be neglected in the suppdy chain
decision-making process.
4 Environmentally sustainable supply chain modeling

In this section, we discuss the following three questions: 1) What.is the impact of shaiolyfirms
green investment decisions on their business performance? 2) To“what extent do government policy
incentives motivate supply chain firms to undertake environmental-friendly acthéties3) How do the
constraints representing stakéters’ environmental interestsraffect thér decision behaviors? In the supply
chain process of reducing environmental externalities, ‘we address collaborative operational decisions
relaied to EFR’ sales quantitieand price, government subsidy rates, and VMI delivery policies. In our
problem setting, we formulate an integrated supply. chain model that maximizes the supply ¢tbals sys
total net present value in which the firmsusiness decisions are subject to environmental sustainable
constraints. Under the pressures of stakehdldargironmental interests and enforced legislation, supply
chain firms face the challenge ofycost disadvantages and break-even uncertainties when making
environmental technology investments’in a competitive market.

In the following sections,we present the frameworla obnstrained model that explicitly incorparat
the environmental sustainable constraints in otdeexplore the logical decision-making process of
replacing EUFPs with EFRs when motivated by government policy incentives.
4.1 Modeling assumptions and notations
4.1.1 Assumptions

(1) We assume that a two-echelon supply chain involves a single product that consists of one
manufacturer and supplier. As a core member of the supply chain, the manufacturer sellspitsdutas
directly to the market (consumers) while the supplier provides intermediate products to thactneguf
The manufacturer produces products based on the toaleder strategy, and one unit of the final product
consumesn units of intermediate products from the supplier.

(2) We assume that the products produced are EUFPs before the supply chain introduces EFPs, and the
production runs at capacity in accordance with the market share. Under the enforcement ainegurdti

policy incentives, the supply chain firms introduce EFPs through investments in envirahment
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technologies. The sales quantities of the EFPamtieely to run at the manufacturer’s production capacity
from the start. Instead, they increase through its diffusion process and gradually repladEeRbentth its
guantities produced in each period. As the ERRles quantities increase toward the production capacity
the EUFR’ quantities decrease until they are completely replaced.

(3) For the purpose of motivating supply chain firms to improve their environmentatrparfce, we
assume that the government charges penalties for the production of EUFPs and provides subsidies
encourage environmental technology investments. The subsidies are only granted until.the supgly chain
business break-even is reached, which are proportional to the incremental costs associptedusitig
EFPs. We also assume that the government grants the subsidy directly (or altertiatdeadin consumers)
to the manufacturer, and the manufacturer takes the initiative to create a sustainable’supahddiene
the subsidy with the supplier by adjusting the transfer price.

(4) We assume that the manufacturer’s inventory is managed using the VMI model in order to minimize
inventory costs, and the economic order quantity (EOQ) model is used as an inveritamnicogation
constraint. The supplier manages the inventory level without stock-eut and bears the inventomheosts.
inventory is replenished in batches by delivering them several times annually (on avessagejng that
the annual demand information is available to the supplier-and the final output of thésEfBduced
based on the make-order strategy.

4.1.2 Parameter notations and definitions

The following notations are used in our model:

Ry, Re, = Manufacturer’s annual net profit of EUFPs and EFPs

RY, RS = Supplier’s annual net profit0f EUFPs and EFPs

RY = Integrated supply chain’s/annualnet profit of EUFPs
B,,= Government subsidy perunit'of output of EFPs

NPVY, NPV®= Net present value (NPV) of the integrated supply chain’s profit for EUFPs and EFPs

ANPYV = Incremental.net present value of the integrated supply chain when introducing EFPs
Q = Manufacturer’s/production capacity (equal to its market demand)

QY = Salesquantity.of EUFPX' =Q before introducing EFRPsQ" = Q —Q®after introducing EFPs)
P = Sales,price of EUFPs

I . I = Project’s initial investment on pollution reduction and prevention from the manufacturer and
supplier
C,Cr= Manufacturer’s variable cost per unit of EUFPs and EFPs

W, W = Manufacturer’s pollutant disposal costs per unit of EUFPs and EFPs
En, Er = Pollution emitted by manufacturer per unit of EUFPs and EFPs

Py, PS = Supplier’s sales price (transfer price) per unit of intermediate products for EUFPs and EFPs
(manufacturer’s purchase cost per unit)

C¢,C$= Supplier’s variable cost per unit of intermediate products for EUFPs and EFPs
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W, WS = Supplier’s pollutant disposal costs per unit of intermediate products for EUFPs and EFPs
E¢,ES= Pollution emitted by the supplier per unit of intermediate products for EUFPs and EFPs
Fn,Fs' = Government penalty cost per unit of output of manufacturer and supplier imposed on EUFPs
G ,Cr, = Supplier’s average inventory holding cost of intermediate products per unit for EUFPs and

EFPs with VMI mode

Cg,CS= Supplier’s average ordering cost of intermediate products for EUFPs and EEPs per batch

delivery with VMI mode, assuming both intermediate products for EFPs and EUFPs/ageedeiivthe
same batch during the process of gradually replacing EUFPs with EFPs

g = Annual ordering times of the supplier
Y = Environmental carrying capacity allocated to the supply chain system

Z",Z°= Government’s environmental cleaning and restoring costs for keeping“the environment to a
self-healing standard for EUFPs and EFPs

U"Y,U®= Lifecycle usage cost of EUFPs and EFPs

K = Consumer’s environmental quality sensitivity rate (& k< _1; whenk = 1, consumer is only
sensitive to environment quality. This situation is not considered in'this study)

g = Average annual growth rate of EFP sales quantities

I = Risk adjusted discount rate
4.1.3 Decision variable notations and definitions

Q°f = Sales quantities of EFPs

Pe = Sales price of EFPs

«a = Cost factor of government subsidy per unit of output of EFPs
4.2 Sructure of the objective function,.and constraints
4.2.1 Prafit functions of EUFPsand ERPs

In our model, we consider environmental effect as the sole contributor to effectively mewssure
ecological effects accompanying supply chain activities, which is understandable since reducing
environmental pollutionfisa high priority worldwide, particularly in developing countries. With the
intention of mativating supply chain firmgreen initiatives, the government provides a subsidy for EFPs
and imposes a penalty for EUFPs. For the EUFPs, we assume that the annual salgssgaiaoéipacity
Q"=Q in‘orderto.satisfy a relatively stable market demand. The annual profits of the manufacturer, supplier,

andthe'integrated supply chain from producing EUFPs during time pecinal be expressed as follows:

erijt :(Pnlit _msti_Crl‘;t_qut _Wnlit)Q (1)
R, =m(P! —Ct - F2 ~W2)Q - (qC! + mQG/2q,) @
R = (Pt — Cmt —MCqy — iy — MFgy — Wiy — mWg; — mCy /th Q- aCo (3
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whereR!'is the sum of RY;and R} . The net present value (NPV) of the integrated supply chain’s profit

for EUFPs during its lifecycldl (with finite time periods)s then expressed as follows:

NPVY = 3 [(RY ~Cly ~ Y- Fi - MRS —Wi - m-mCE /2000 -actle ™ (4
t=1

Due to its additional investment cost, EFPs are at a disadvantage compared to EUFERe Tp the
incremental cost incurred by the environmental technology investment, supply chain firmsinstedse
the sales price. The higher price then brings a reduction in sales quantities in,thetiventpatket,
especially when EPs have not yet been widely accepted by the market. Consequently, there is a reduction
in overall profits. In such a circumstance, supply chain firms have no intention to produce EEEs. Si
governments have the responsibility for pollution reduction and prevention, they-should egfolatores
and offer policy incentives in order to drigapply chain firms’ business activities in the direction of
reducing environmental externalities. Taking government policies into) acebeinhanufacturer’s total

profit during finite time periodN can then be expressed as follows:

N
R7 = 2 [(Rmt + Brng = MRS = Cye = Wi JQF + (P ~ MRF=CR= Wiy — Fn )(Q = QF )] = Iy (5)
t=1

where Qfis the EFP sales quatytiduring t time period, andQ —Q°®stands for the annual product

guantity of EUFPs that have not yet been‘replaced by EFPs. It is notelkthahtfacturer’s operating

profits consist of two parts from the EF®sdthe EUFPs that are not yet replaced (presented by the first
andsecond groups of the above.items). The government subsidy can be offered in differestiviays,

tax deductions, tax exemptior@dfinancial subsidies, which may be granted directly to the supply chain
firms or the consumers.sssumed;the government subsidy goes to the manufacturer who produces EFPs,
and the manufacturer/shares the subsidy with the supplier through the transfer price adji&tratsd.

assume that the EFPstand EUFPs are ordered in the same batch and the average ordering cost for each
batch is facilitated &S5+ The supplier’s total profit associated with producing components for the EFPs

and EUEPs (not yet replaced during finite time peNddan be expressed as follows:
N
RE.= D Im(P; —C& -W5 - Cr/20,)Q° + (P - C -Wy — Fi —C/26)(Q-Q)]-aC; ~ 1. (6)
t=1

where the suppliés operating profits also come from two parts that are presented by the first two groups of
the above items (the first one from the EFR¥]the second one from the EUFPs not yet replaced). By
summingEquations(5) and(6), we obtain the NPV of the integrated supply chain as follows:

NPV® = i (Prﬁt + Bmt _Crit _Wrﬁt - mC;et - mV\/j - mC§/th bte - qu§ )}n _ Is ] i (7)

| +(Py —CY —mC — F4 —mFY W4 —mW! —mG /20, JQ- Q¢
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ComparingEquations (7) and (4), we obtain an incremental net present value of the integrated supply

chain from producing the EFPs as follows:
(P + Bune — i~ Wi~ mCE, — MW~ mCS /20, k¢ ~ R4QE
ANPV = 3|+ (CYy + mCY + W+ mWY + RS —mFS +mGY /29)Q° e ~Is—1m  (8)
“ales-cy)

where, within the above summation, the first group of items presents the profit of the EEPS, the second item
is the lost opportunity sales due to the replacement of the EUFPs, and the third grengs pfesents the
opportunity savings from replacing the EUFPs with the EFPs.
4.2.2 Structure of the constraints

Our model is formulated to maximize objective functisdNPVin Equation48) by optimizing the sales
guantitiesandprice of the EFPs as well as the government subsidy during the finite init@pap tat =
tv (< N). While also complying with the three sustainaldenstraints, ty/is the time point at
whichANPV reachests break-even ANPV =0). The environmental constraint states that the supply chain

system’s pollution cannot exceed the environmental carrying‘capacity, which is described as follows:

QFPERt + MQPES +(Q—QF )Emy + M(Q —-QF)Eg <Y t=1,2,....N 9

whereY is environmental carrying capacity, which'issassumed to be constant. Since governments have the
responsibility for maintaining environmental sustainability, they must regulate sthmlyfirms’ business
activities without harming the environment.. With the consideration of social welfare, regsilahould
conform to environmental sustainability balanced with economic development. The EFPs potdfeially

a pathway to reduce externalities such as emissions and pollution but producing the EF®$ gaay
profits due to their cost (price) disadvantage (because of additional inve3tmeahes competitive market
without government policies: Extant literature is unclear on whether green practices are eabnomi
profitable (Canfils et al., 2013). A‘number of barriers exist for the implementation of EFPsodheit

high initial capital costs, additional costs to consumers, limit market availability, and commercialifgasibil
(Banister, 2005 Romm, 2006 Struben and Sterman, 2008). Thus, it was concluded that marketing
programs and subsidies must remain in place for a sufficiently long period of time in@alewt for
EFPS diffusion to become self-sustaining.

Concurring; with the results revealed in the literature, we explicitly introduce thenguosetr subsidy
inte,the supply chain model to investigate the economic feasibility of producing EFPs under eswviabnm
sustainable constraints. In addition, we quantify to what extent the government stds&ffectivdy
motivate supply chain firms to improve their environmental performance (balanced WwishiEE€ak-even
point). In reality, restricted by financial burdens, the government subsidy offered ty shppl firms
should also be subject to an upper limit. To be economically feasible, the regulation coshtraldt
reflect the requirement that the government’s net environmental disposal cost savings (the reduced

environmental externality cost minus the reduced penalty cost) must be high enough compatesl with t
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government subsidy, which is expressed as follows:

BnQt <bl(Zy' — ZF) — (Q(Fie + mFgp) — (Q - QF) (e + MRg))] L t<t (10)

where on the right-hand side, the first item group is the goverrsremted restoration coahdthe second
item is the reduced penalty cost due to replacing EMRREFPs. Parametér(b < 1) is the coefficient of
the government policy incentives, which is introduced heesdare that the government subsidy to supply
chain firms is less than the reduced environmental externality ¢osty, implies that thetgovernment
subsidy is only provided before the firms reach breadn.Equation (10) can be simplified.as follows:

By <b[(Z" —Z®/QE - (FY +mFY)] (11.1)

With the consideration that the government subsidy should only compensate for the costshat may
determined proportionalli the supply chain firm’s average incremental costs incurred for environmental
technology investments. Following the work of Ding et al. (2014),.werassume tlgaivérament subsidy
per unit is proportionab the manufacturer’s average incremental.cost of the'EFPs, which can be expressed

as follows:
tN
Z:l[cr?ﬂ + MRS — (Crry +MRDIQL + 1y

>08

where & (0<a <]) is the cost factor of government subsidy per uemt;lPSet is the transfer price that

Bmt = (11.2)

includes the suppligs incremental cost.associated with producing intermediate products for theABRPs.
member of the sustainable supply‘ehain, the supplier also needs to collaboratively inveisbimmeméal

technology. In order to compensate f@rincreased costs, the supplier is likely to increase the transfer

price, i.e., Pse> Ps“, through negotiating the transfer price with the manufacturer. We d%sﬁrhg'

adding the average.incremental cost per unit of intermediate products for thie EERas follows:
tN
P =P+ (c;? ~-C¢ )+ lg/my " Qf (12)

where P, C¢', andC¢ are estimated by their mean values, aff is determined by the

envirenmental constraint (see Subsection 4.B8)substitutingEquation (11.2) into Equation (11.1), the

regulation constraint can be rewritten as follows:
tN
_ bI(ZY —Z8)QE — (Fay + mFI> ., QF
< T
[2 01 (Ch + MPE = Cye — MRDQE + I m]

For different types of consumers, while making purchasing decisions, their focus point codilnetspr

(27

(13)

may differ. Moreover, the consumers who are environmentally aware may tend teltiyRsandpay a
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price premium, whereas the consumers who are price sensitive (even though they may hedositicer
environmendl issues) may feel that they cannot afford to pay higher prices. Thus, the latter gtoup w
eventually choose the EUFPs. Generally speaking, for EFPs to gain market acceptance, an individual
consumer’s total purchase and usage costs for such products cannot exceed that of EUFPs. In this sense, by
taking the consumerenvironmental quality preference into consideration, the market constraint can be
described as follows:

Pe(1-k)+UZ <PY +U (14)
wherek represents the consureenvironmental awareness and it measures theueer’s’ sensitivity to
environmental quality (& k < 1). The higher the value &fis, the less that consumers are sensitive to price
premiumsandthe more they are concerned with environmental quality. The market constraint immglies t
P > Py, andpreferably, withd & <U".

According to the EOQ model, inventory costs are minimized when inventory holding costgiatéo
ordering costs. Thus, the incremental inventory cost minimization constraint can be written as follows:
. (Cs —C;) = m(Cy — CRQT 124, (15)

By combiningEquations(8) and(9) with (13)to (15)ywe can construct a model that maximizes the NPV
of the integrated supply chain that prodsithie EFPs as follows:

(Pr:t - Cr?n _anl - mC:t _ mVV:; u anE/ZQx
tn
Z[c:-ut + mF;? - (Crlrjn + ml:;l:)]Qte + Im
t=1 ) Qee—rt

t ty 1
Zt:the =1
- (Pn:t - Crlrjn - mc:t _Wn:t - mVVs‘: - FrTL:t - mFsl: - mCl:J/zqt)

+ o

Mz

MaxANPV =

-
Il
=

—qt(cf —Cg)e_n
Q¢ (Esdr mES)+ (Q - Q) (E, + mEY)< Y (16)
u e u u e N ~e

aN< b[Zt -4 - (Fmt + mFSt)Qt ]thth

U5 Ae tn e e u e

Qt [ztzl(cmt + mPSt - Cmt - mIDsL:)Q( + Im]
St P (1-k)+UZ <P +U/"
er Ce _CU

oo o) me(CE —cr)
alcz-cy) 2
Q°=20,R; 20,200 20

7T mt

where sales quantiy®, sales pric&y:,, government subsidy ratg, and ordering time§; are decision

variables. The motive of this study is to find the EFéptimal operational strategy (sales quantity, sales

price, government subsidy rate, and ordering times) that leads the incremental NPV of the integrated supply
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chain to reach break-even during a finite time period. We also assume that, stifylptdidy incentives
andconsumers’ environmental preferences, the sales quantities of the EFPs increase with a constant growth

rate g during ty time periods through its diffusion process. In addition, the sales quantities of two

consecutive time periods follow the relationQff= Qg , (1+ g) and then, we haw@’ = (1+ 9)7'qQr,

whereQy is the sales quantity of the first time period. After the diffusion process, the &S quantities
first reach production capacity (market share) and then continue with constant volume duriggesubse
periods. By replacingQ with its relation ofQf andrewriting>™" Qf = Qf[(1+g)" —1]/gwEauation (16)
can be rewritten as follows:

(P —Cr =Wy, —mC5 —mW; —mC; /2,

ty
D [Co+ MBS —(Ch + MRDIA+ OTQ7 + 1,
=1

N
MaxANPV = > | + ¢, -+ ) A+ g Qe™ —
i Qel(1+g)* —-11/g (17.1)
- (Pnlet _Crlmet - mc:t _Wr:t - m\Nsli - Fnl-ujt - mFst: - mCrL\J /ZQI)
_qt(C:_Cgkin _Is_lm
st QEY, +mEY)- @+9) Qe (E, + ME, — EX, —mES)<Y (17.2)

bz —z° - (F + mE firg) QeI+ g)" -1 (17.3)
A+ g>‘lg{2 (CoAMPE—Cl—mP:)(1+g) " Qf +1 m}
t=1

t

P (1-k)+U$ <P: +U! (17.4)
q.(Ce-cd)=[mga+ g H(cs-ct /g, (17.5)
Q' 20,P 20,200’20 (17.6)

In the next section, we will present the model analysis.
4.3 Model analysis

The ‘overall objective is to achieve the optimizatiorbeth the supply chain system’s profits and the
stakeholders’ interests, which are specifically manifested in the model by maximizing the NPV of the
integrated supply chain system with the constraints of the environmental standard, regulationandarket
inventory policy. The model’s Lagrange function is formulated as follows:
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_Pn'it — Cpt —Wint — MCgy — MW — mCﬁ/th

tN
> [Chi+ MRS — (Ch + MR A+ O QF + 1y,

N
L= +a t=1 Cl.-l- g)t_]-Q?e_rt
E ' Q[(1+ g)™ —1]/g

— (RY, — Y, — mCY, W, — mW — R — mF4 —mcY /2q, )

—qt(cg—cg)e*”—g—lm (18)
+ ALY — Q(ErlTJn + mEgt)+ (1+g )tile(Erl:qt +mMEg, — Eq — MES))]

b[Z¢ — 28 — (F + MR+ 9) T QFII(1+ g)'™ —1]
+ Apt ~

-9 A+ g>“1[2§“:1(0§n +mRS - CY —mRA+9) Qf + 1]

e t-1{~e _~u
+ Ay [Pt +U¢ — Pn?t(l_ k)_Ute] +/14{m(& ar g;q (Ch Ch )_ qte(cc';a _Ccl:):l
t

where/ijt(j =1,23 4, t=1,2,..., N) are Lagrange multipliers. The KuhFucker conditions for

optimization are as follows:

mCS
[Prﬁt —Crp — Wi —mCg — mWg; — th J
f

oL/oQe = i (L+g)te™

t=1

mC"
—| Pt = Cin —MCoy — Wy — MW = F e —mFg; — th J
It
ty

W @) Te Y ICH + PG (Chy + PRI '
+ Za =1

a [(1+g)"=11/g (19.1)
+ Ay (1+ g)til(Erlmjwt + mE:t - E:qt 7 mEset)

b(Fo + MFa)(A+0) 11+ g)™ —1]

Iy
2 o, gL+ g)t’lz (Ce +mPE—CY, —mPY)1+g)™
=1

ma+ g e - )

+ Auf 2 =0
t
1 -
oL/oa, = Tign 1t ‘=2, =0 (19.2)
oL/oPs, =(1+9) Qe — 25 (1—-k)=0 (19.3)

207

oL/oq, = |: "(Ct? -Ch ble(l"' g)til _ (Cg _c! ):le—rt _

(19.4)

@{”‘Qf(“ gz);ti(cﬁ‘cﬁ)+(c§—c:)j ~0
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I (0L/02 )= 2 [Y — QEY, + mEY )+ L+ 0) 1QE(EY, + mE!, — ES, —mES)] =0 (19.5)

b[Z;' —Z¢ — (F + MFg )(1+ g)t_lQle][(l+ 9" -1

P22 o S g e mes—ch - o) g1l 0 499
)

A (OL) 04z ) = Ax [Py +U — P& (1-k)-UZg] =0 (19.7)

A (OL) 024 )= /14{%(05 —cy)- mggt;ch)} =0 (19.8)

2, (0L/da,)=0 (19.9)

whereEquations (19.1) to (19.4) are necessary conditions for optimafiyEquations (19.5) to (19.9) are

complimentary conditions. Whe#y, > 0,0L/04; =0; otherwise, whes; =0,06L/04; >0. Next, we show

the optinal decision processes of supply chain firms under.the environmental sustainable constraints.

4.3.1 Manufacturers’ price decisions
With the consideration of consurseenvironmentaltquality concerng, measures the increase in the

NPV of the supply chain system for a marginal increase in consutotal cost of purchasing and using

EFPs. According t&aquation (19.3), 15 can be.calculated as follows:

WA e

>0 20
T x (20)

Aa

A4 is positive andt ingreases with, which is in accordance with the increase in EFP sales through the

diffusion periods; asrassumed @¥= 1+ g)"*Qf. k andi, are positively related, which means that the
higher the consumer environmental quality concerns are, the higher their preferences are for EFPs
With A5 >0, it can be seen from the complementary condition (19.7) that the market constraint is active
Thus, we have:

Pt +Ut' —Pri(l-k)-UF =0 (21)

In this case, the total cost of the purchase and usage of EFPs equals that of ElWWRAseegamhs that the
purchase price of EFPs is no less than EUFPs kvittD. This implies that, with environmental quality
concerns, consumers prefer ERslthey are willing to pay a price premium. This may also be explained
by the fact that, since the opportunity cost of EFPs is the lost sale of replacBd,Btfeality, due to their
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profit-driven nature, supply chain firms would charge a price premium as high as p@ssibleg as it is
acceped by consumers based on their environmental preferences. The manufaspiimal sales price,

denoted by, is as follows:

Po +Uf —US
1-k
As shown above, the manufacturemprice decision is influenced by consusieenyironmental

e _
|:)mt_

(22)

awareness and EFPusage costs. In addition, the higher the conssineevironmental awareness and the
lower the usage costs, the higher the possibility for more expensive EFPs to be accepted by the market.
4.3.2 Manufacturers’ (consumers’) product quantity decisions

It should be mentioned thatanufacturers’ product quantity decisions are rather theonsumers’ product

quantity decisions since consumers (ultimately) purchase finished goods based on price and subsidies.

A measures the increase in the NPV of the supply chain System=for a marginal increhse in t

environmental carrying capacity. Whép> 0, the environmental constraint is active, and according to the

complementary condition (19.5), the following equationis:established:
Y —Q(Eqy + MEg)+ (1+9) Q7 (Eny +MES — Epy —mES) =0 (23)

The above shows that pollution emitted by jboth EFPs and EUFPs simply consume all of the
environmental carrying capacity allocated to,the supply chain system. This implies that thierpoll
becomes controlled and balanced4y intraducing EFPs in order to comply with the environmental constraint.
Assuming that the environmentalyconstraint set by the government is unchanged, we mémtinfer t
supply chain system should" pursue” maximum profits with production quantities to consumehall of
allowed environmental tolerances. Consequently, in the first period, the environmental constrairievoul
active with,, > 0. In-Subsequent periods, however, since the total emissions of the supply chain system are
reduced by thedgradually increasing replacement of EUFEs EFPs, the environmental constraint
becomes inactive withy, = 0 fort > 1, meaning that the pollution emitted by the supply chain system is

under the*environmental constraint. By rewritlBguation (23), the initial optimal sales quantity, denoted

byQf J'is as follows:

o - Q(E,r‘,’1t + mE;‘t)—Y
(Eme + MEg, — Eqy — MEg,

(24)

As shown above, the numerator denotes the pollutant emissions that need to be reducedan order t
comply with regulation standards, while the denominator denotes the pollutant emissions that can be
reduced per unit of the final product through the supply chain system. We can see that theatiete i
manufacturers’ initial optimal sales quantities is affected by the environmental constraint and it depends on
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the total pollutant emissions that need to be reduced to comply with the environmental comstraint
addition, the more pollutants there ate; larger the EFPs’ initial sales quantities would be. This implies
that more pollutant emissions over the environmental standard (caused by) E&tR® larger initial

sales quantities of EFPs, which coincides with intuition. Conversely, we also see thalargér
differences between pollutant emissions of EUFPs and EFPs (i.e., low emissEﬁqsamdeSe), the

optimal initial sales quantities become smaller. This is because the environmental coiV3tisifined so
that less EFP quantities are required to replace the EUFPs when complying with toaneewial
standard.

4.3.3 Government subsidy decisions
Ay measures the increase in the NPV of a supply chain system“for,a marginal increhese in t

government’s net environmental disposal cost savings by reducing “environmental externalities. This
implies that the joint efforts of both regulations and government policy incentivearplayportant role in
enabling supply chain firms to take initiatives to participate in environmental tegynolvestments.
FromEquation (19.2), we can obtain the following

—rt

e

A, =——— SOufor >0 25
2t (1+g)tN _1 t ( )

We can see that, according to the complementary condition (19.6), the regulation constraint is active.

Therefore, the optimal government subsidy rate denotd@n be calculated as follows:

o Mz - Ze - (Ry A mEDQE A+ 9) ML 9) 1
L@ @AY (G, + MRS —CY —mP A+ @S + 1]

(26)

whertee* is determined by Equation (24), aﬁ’ﬁ* is determined byequation (12). The purpose of the

government subsidy,.is to compensate for the incremental costs incurred for reducing environmental
externalities,/andt intends to help supply chain firms overcome the cost disadvantage of EFPs in the
competitive “market during the initial period. Eventually, the environmental restorationcaosbe
significantly reduced through the replacement of EUFPs by EFPs. Egoation(26), we can see that the

cost _factor-of the government subsidy per usiiegatively related to supply chain firms’ accumulated

incremental costs. The implication is that the longer that the EFPs take to reach breakeeless, the

value ofe, will be, i.e., o will decrease by time periods as the sales quantities of EFPs gradually

increases. In our model, the optimal subsidy rate may vary annually depending on ¢éhahgesales
volumes. With a steady increase in EFBales volumes and the decline in the incentive impact of the
government subsidy, the government will reduce or cease the subsidy at the proper time. When the supply
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chain system’s NPV reaches break-even at time pdint ty, there will be no subsidyx(= 0 andB,, = 0).
Consequently, the constraint (17.3) becomes inactive SQZttNhato fort > ty.
4.3.4 Suppliers’ order quantity decisions

A4 measures the increase in the NPV of the supply chain system for a marginal decreasganyi

costs. Using the EOQ method, the inventory policy is optimum when the inventory holdisigreosgual

to the ordering costs. According teguation (19.8), when the ordering costs are equal toithe inventory

holding costs, we havg, >0, which means that, as the marginal inventory costsecrease, the NPV of the

supply chain increases. The optimal ordering time is computed as follows:

- m(Cﬁ -c/ )(1+ o) QY
J lcs—cy) n

q =

where the optimal initial product quantity of EFPs is determined fEgoation (24). The ordering time
also depends on the growth rate of the EFPs and the_ncremental costs of both inventogy amaldi
ordering. As analyzed above, we show that the supply..chainssystem’s NPV of producing EFPs is
maximized by optimizing the EBPoptimal operations strategies characterized by sales quantities, sales
price, and government subsidy rates, where the\ environmental constraint determines thsaledial
guantities, the market constraint determines theysales price, and the regulation constraiimedetieem
government subsidy rates.
5 Numerical analysis

In this section, we present a.case analysis to quantify the impact of government musicvées
(penalties for EUFPs and subsidies for BFétssurviving an integrated environmental sustainable supply
chain using hybrid vehicles,as an“examplecase study can be comprehended as a particularly useful
approach for assessing “teal world” example allowing direct observation of the field, which is an empirical
enquiry that investigates, a contemporary phenomenon within its real life context (SeuringY2008
2003). Our caseexample conducts the contemporary phenomenon in its real life context in China
concerning the impact of firmsusiness behaviors on the environmdrite purpose here is to provide
managerial insights into supply chain firmevironmental decisions. Based on the analytical work above,
we apply.the.model to an invested hybrid vehicle project that is carried antaayomobile manufacturer.
Our, numerical analysis quantifies the optimal solutions to the hybrid vehadenmercial feasibility
market diffusion, break-eveandself-sustainability throughout its lifecycle. In this case, the products are
mainly hybrid passenger vehicles with energy saving features and emission reductiongresech a
typical case of an EFP investment project.

5.1 Data generation
In our numerical study the related information and estimated data are based on real-adhdt detre
gathered through the interview with the management staffs of the company, which is hefpédewit
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relations built with the case company. In the case reality, the hybrid vehicles produced bprtiaizeit
manufacturer are used for the public transportation in large cities with the intentieducfng vehicle
emissions, and the governments provide subsidy to the case company for compensating its dostsased
for producing the hybrid vehicle. The employed data (see Table 2) are estimatedrémepbased on the
market situation ofin automobile company that produces conventional vehicles and is also engaged in
hybrid vehicle production in order to replace the conveatiomes. Though the data presented in the
numerical example are relatively proportional in a way to those obtained from theeintebuit they are
ensured for their validity and reliability in the sense that the real matter concethatliew much of the
government subsidy offered would be just enough to effectively motivate the company toirintest
production of hybrid vehicle. Our numerical example using the gathered data works properly for gaining
the insight of the effectiveness of government policies for given cost and price paramatersype of
the EFPs, providing an illustration of the logic thinking concerning the, mechahism of iziegali
environmental externality from both views of the government and the businessifirms.

Insert Table 2 here

Note that the transfer price of the ERP®stimated by adding.theraverage incremental cost per unit of

the EFPgo the transfer price of the EUFPs, i.e3f = P +(C24C! )+ I/m> ™ Q° -

5.2 Results and discussion
Table 3 presents the results using the Solver Tool in Bxitbltime periods including the EEPinitial
development periods.
InsertiTable 3 here
As seen in Table 3, in year 8, the NPV ofithe supply chain system reaches zero, becomes break-even,
and begins to earaprofit. For the given usage cost of the EFPs, the optimal product price is 1.28 millio

RMB/vehicle, the annual optimal, initial sales quantity @ = 3500, and the optimal subsidy rate

gradually decreases from‘0.27 torzero soon ANV =0 i.e., beyond the "®8year, the supply chain
system earna profit and the government ceases its subsidy. The numerical results show that the inventory
delivery time variesfrom 30 to 45 times per year with an ordering aitefvapproximately 810 days on
average, thus_implying thatchange in EFP sales quantities does not have much influence on inventory
delivery times. The, entire process of the supply chain collaboratively reducing environmental &gternali
can be dividedinto two stages, i.e., the initial development stage fQr(ANPV < 0), followed by growth

to a steady stage fosty (ANPV> 0). The evolving path of the sustainable constraints is shown in Table 4.

Insert Table4 here
From the numerical andlg results, we obtain some ndnivial findings that reflect the interplay and
interrelation of the environmental sustainable constraints. As shown in Table dangee that, with
constant emission tolerance, the environmental constraints turn out to be inactive duringatipeiiuts
of EFP project development (except for the first period), which may not be intuiseslyed. The
implication here is that supply chain firms have a trade-off in determining thal infitimal sales
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guantities of EPs while complying with the environmental constraints. Rationally, they will coatio
pursue, not only to be economically optimal, but also environmentally feasible. Dgivire mature of
maximizing their own benefits, supply chain firms try to create a balance between gaining benefits from the
government subsidy and losing the profits of the EUFPs as they are replaced by the EgePtheSi
marginal profits of the EUFPs are larger than the marginal benefits of the governmeédyt &xbs), the
firms often fully utilize the constrained emission tolerance by producing as marysEasHpossible. This
means that, in the first period=_), the EUFPs that have to be replaced is just enough to fulfill the
environmental constraint. During subsequent periods, as the environmental standards (assumiag they ar
unchangefido not become tighter for t>the environmental constraints become .inactive since more EFPs
are produced with less pollutant emissions.

As for the regulation constraint, we can see fiegoation (25) that, as operati@h processes continue

with increasesn sales volumes, the value of decreases, meaning that the] regulation constraint will

gradually becoménactive. The implications that, as EFP quantities.increase, the regulation constraint

becomes inactive when the EFP project reaches break-even. The'\government subsidyqeteoriiases

with time (market diffusionpndreduces to zero soon aftelP V.becomes positive. #shown in Table 3

for instance, after the"8year in which the supply chain reaches break-eveyr O in the § year. This is

because the purpose of the government subsidy is to compensate for the incremental costs aétbociated
producing EFPs. In addition, the government.will stop providing the subsidy when the E¢® @aghes
break-even, i.e., the government subsidy does:not apply to any circumstances in which a profit is gained.

The results in Table 4 show-that the market constraints tend to remain active theefitms’

profit-driven nature. Accordingyt&quation (14), for given values &f (< 1), UZ, and U{' (preferably

withUF <U{'), we haveRs, > Py« Consequently, the firms will likely charge a higher price premium for

maximizing their marginal profits, as long as the price premium is acceptable tmrtkemers. This
implies that thé.total purchase and usage costs of the EFPs per unit will betharigg®., equal to) that
of the EUFPs.

In our model’s setting, some factors that have reldiivamportant impacts on supply chain firms
environmental decision-making behaviors are assumed to be unchanged. These factors, however, may be
dynamically adjusted in practice. For instance, as the reduction of envirahmetetrnalities gradually
improves, the environmental constraint regulated by the governMentaly then be adjusted to become

stricter. By choosing the parameters, such as the coefficient of government policy @scdpjtiv

government penalties={!, F ), environmental constrain¥), and onsumers’ sensitivity to environmental

quality ), sensitivity analysis is performed to gain insights into their dynamic impacts anabpti
solutions. The results are shown in Table.5
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Insert Tables5-9 here
Table 5 presents the impact of policy incerdiem optimal decision outcomes. More specificalty,

shows that, as the coefficient of the government policy incentivesl] increasesBy, o, andANPV; all

increase, the time to economic break-etgldecomes shorter, and vice \&nd/henb = 0.15, for instance,

the government total subsidies Q“(%.ileBmt =2040.526 million RMB forty = 8 and wherb = 0.5, the

government total subsidies aE:ileBmt=5361.717 million RMB forty = 6, withwan additional

expenditure of 3321.201 million RMB. However, through experimental tests, we find thabwt®@s, the
supply chain system reaches break-even in six years. However, there wonld be0.72, which is
considered rather high. This implies that, if the total government subsidy peryeatoideeone-half of
the annually reduced environmental externality costs, then the government subsidy in yearfinsbuld
be a quite high amount that compensates for over 70%eofanufacturer’siaverage incremental costs of
the EFR per unit. However, it is questionable whether supply chain firms could be effectively mdtivat
become innovative in such a case. In this sense, the value of'the’ cadffisieruld be set relatively low

enoughto achieveecoeffectiveness.
Table 6 presents the impact of government penalfiés;€.;) on the optimal decision outcomess A

shown in the table, we can see that, as the \penalty increases, the rBguibedomes less, which is
consistent wittEquation (11.1). This implies that stricter supervision measuremerstrteffect on urging

supply chain firms to improve their environmental performance while less governmeniesibsg being

spent. The computation results also show that increasing of penalties has a positiveonrpiaoy, ,

which is consistent witlEguation (8). In this case, the higher the penalties, the larger the NPV of the
supply chain and the shorter the'time it takes to reach break-even. This is because when we intreduce EFP
the same quantity/of EUFPs is replaced, meaning that the penalties on the replaced E9&R aae
opportunity revenues. The implication here is that by imposing heavy penalties on EUFPag, dohbte
dividend effect on driving supply chain firms to reduce the production of EUFPs.

Table”7 presents the impact of environmental standards, denoveoinbihe optimal decision outcomes.
As shown in the tablét can be senthat, the stricter the environmental standards, the more actively supply
chain‘members are required to invest in EFP production. This is consistent with the intuition that, whenever
environmental carrying capacity is challenged by severely increased pollutant emissions, the more
environmentally friendly activities (e.g., environmental investments) are required waitimgstricter
environmental standards to improve the environmental state. It is noted that the eewiebroarrying
capacity is naturally determined depending on local environmental circumstances. To have a safeguard f
keeping the level of pollutant emissions away from environmental carrying capacity, ereitah
standards should be set below environmental carrying capacity. Thus, in reality, the level of the
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environmental constraint (environmental standards) that the firms must comply with shoally &et set
lower than the environmental carrying capacity. Conversely, if the environmental constraiatxed, for
instance, up to the level of = 28000, as shown in Table 7 (although, in reality, such a loose level of
environmental standards unlikely represents a true environmental carrying capacity), the resuhsitshow
with such a loose environmental constraint, emth a high amount of the government subsidy the EFP
sales quantities are much less than they should be. Consequently, since the investmentppaghack
becomes much longer, supply chain firms do not have any incentive toim&®s. This is because few
EFPs are legislatively enforced for reducing pollutant emissions when the environmental staedands ar
loosely set. In response, the firms would simply continue to produce EUFPs, Avhichiimpligsvinad

not make any sense to have the firms invest in EFPs when the environmental staredéodsely set
especially since they are not under pressure to improve their .environmental performamsce. Thi
demonstrates that the level of the environmental standards that firms need to comply nétteasarily

be set low enougto drive the improvement of the firmenvironmental performance.

Table 8 presents the impact of pollution emitted by supply chain’fieifRs per unit (Eg, andES) on
thar optimal decision outcomesgs, and E£reflect the'emission levels of manufacturers and suppliers

when they produce EFPs. In this case, the lower the emission level§ aind ES, the more efficient
the environmental technology (normally, high green investments are required). For a givesf theel
environmental constraint (environmental standard), withetoemission levels ofEf andES, the less

guantities of EFPs are required.for complying with the environmental standard. Thatéssttteat EFPs
are produced for replacing EUFPS, the longer it takes to reach break-even when additional ire@stinent

incremental costs do not decrease. As shown in Table B for0.5 (lower emissions), the optimal sales

guantities become*lessi(which is consistent itjuation (24)), which is accompanied with increased
government subsidies ardonger time to reach break-eveR € 9). This may increase the possibility of

unacceptable commercial feasibility. On the contrary, vitfenl.5 (higher emissions), for the same

environmental standard, the optimal sales quantities become larger so that the government subsidy
decreases and the time to reach break-even shariens$), which, in turn, increases overall commercial
feasibility. The implication here is th&from the commercial feasibility viewpoint) when enforcing a
stricter environmental standard we also need to consider that, for an advanced environmentalyg¢ohnolog

be used, whether the required high capital investment and incremental cost are acceptabieafethi

depends on the level of the environmental standard that must be complied with. That is, reducing the

emissions levels @& andES should be accompanied with an acceptable level of additional investments
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and incremental costs required to become commercially feasible, especially since theifirmgmiess to
take the initiative greatly depends on their economic trade-offs due to their pirgfit-dature. In ordent
promote supply chaifirms’ environmental behavior and further improve their environmental performance,
the government may adjust the environmental constraint (environmental standard) accordirigita’the
environmental performance and regional environalecbnditions. As the regional environmaht
conditions and the firms’ environmental performance improve, the government may even enforce stricter
emission standards. As a feasible approach, the government may implement a stepayise whiich
environmental standards are periodically tightened depending on regional environmental conditions, which
may particularly suit developing countries. Since pollutant emissions are hdgletoping,countries, it is
often difficult to enforce local firms to reduce their pollutant emissions while”gangpWith new, strictr
environmental standasddue to the high capital investments and incremental ¢osts of green initiatives that
local firms are unwilling to ecept(or unaffordable). In such circumstances, Jperiodically tightening the
environmental standard would be easier for a government to implement environmental polibi®ma
hand; while on the other hand, it would be easier for supply chain.firms to cooperatipetwe their
environmental performance in a stepstep approach.<In “sum; based on the tightening of the
environmental standard, supply chain firms will significantly-improve their environnaralrmance and
overcome the challenge of economic feasibility dufing theprocess of reducing environmental externalities.
Table 9 presents the impact ofnsumers’ sensitivity to environmental qualityk)( on the optimal
decision outcomes. As shown in the talkedirectly ‘affects product price decisions. The more that
consumers prefeaproducts environmental quality, the more likely the firms will charge a higher price for

the EFPs, and vice versa. For instancekfer0.15, the sales price of the ERP Prﬁt = 1305.88 with a

higher price premiummgandthe time to-reach break-even is reduced to sgeam. Naturally, how likely the
EFPs can be sold with“a price/premium in the market depends on the tendency of cénsumers

environmental quality preference. For instance kfer 0.05, the sales price of the EFP is comparatively

much lower Py, /= 1168.42) with a lower price premium, thus implying that, when consumers have less

environmental awareness, the EFPs are less acceptable in the competitive matkeillaake longer to
reach break-even/In other words, it is the consunegrdgronmental awareness that differentiates the EFPs
from the competitive market, but the consurhéesdency of environmental awareness also depends on
theirliving standards that are interrelated with price sensitivity. This, im ¢i@pends on local economic
development. This intrinsic causality reflects the essence of the conflicts behind the trbetvetn
economic development and environmental production.

There are several insights gained from the aforementioned sensitivity analysis. As daninfpotor
that impacts supply chain firmgcoefficiency behaviors, the optimal decision policy of the government
subsidy needs more attention. Government policy incentives play a key roletieatimg supply chain

firms to reduce their environmental impacts via investments in green technology. édothevamount of
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subsides needs to be properly justified so that the firms can be effectively driven to innbeate t
environmental activities and increase eco-efficiency.

When marketing EFPs, we should be aware of the interplay effects of consemeérsnmental
awareness on the EPPmarket diffusion. In addition, the tendency of consufmemsvironmental
awareness is interrelated with their living standards, price sensitivity, and local economic rdewélop
state, which reflects the causality of the conflicts behind the trade-off between economic dewntbmn
environmental protection.

Another aspect that needs to be examined is the setting of proper environmental standards. Since
environmental carrying capacity naturally depends on the characteristics, of local environmental
circumstances, the environmental standards complied by’ fibusiness activities should be set low
enough in order to keep the level of pollutant emissions away from environmentaigaapacityand
safely protect the environment.

Whenever the environmental constraint changes, the supply chain.system has to redo the aptimizati
which leads to changes in supply chain menibgpimal sales quantities,decisions and government policy
incentives. Through the adjustment of the environmental .constraint, firms have to continpedlyeiriiheir
environmental technologies in order to comply with. the=tightened environmental standards, and enlarge
their friendlier production volumes to be consistent with,the environmental ecosystens hegaid,
government regulation policies play a leading role\that oversees the evolving path of thensewial
constraint and guides the reduction of the pollution.emitted by supply chain firms.

Another interesting findings that, for givenconstant EEPusage costs over periods of time, the market
constraint tends to be active throughoutthe prigesttire lifecycle. This actubl reflects firms’ business
nature of profit-driven maximizations, This may also be explained by the example of an individual
consumer who is concerned:with’environmental quality. In this case, he/she would tendhie BEP by
paying a price premiumgasylong as its total purchase and usage cost does not exceed that of the EUFP
However, being awarée of this, the supply chain system should optimize the final produtd precemize
its NPV so that the total purchase and usage cost of the EFP remains the same #setikdife®P. As for
the consumers;. they will be content with the use of green products that comfort their reaemtadn
preferences without paying more total costs.

We can also think of a situation in which the EFP usage cost tends to decrease whankée m
graduallysbecomes mature, thus leading to the possibility that the use of EFPs is ¢taapétRPs. The
reduction” of usage cost requires a mature market condition for EFPs to be acceptable iof terms
consumey’ usability. For instance, by looking at an example of a hybrid vehicle, a more developed
infrastructure, such as a charging station network, etc., helps reduce the usage cost of the hybrid vehicle. As
the usage cost decreases, another issue may appear: owing to their profit-driven natumeyfiprise

EFPs even higher in order to balance the reduction of the usage cost with the intention of tkeeping

constraint to remairatPS(1-k)+US = P4 +U!". However, ina competitive market, this may not be
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realistic, since the firms often have limited room to differentiate their product prices from otheriteenpet
products. For this reason, with the reduction of usage costs and limited room for price adjgtment
market constraint may favor EFPs, especially after the firms reach steady production.

6 Conclusion

By introducing multiple constraints (i.e.,het environmental externalities and stakeholders’
environmental interests) in the model, this study analyzes the economic performance afoamental
sustainable supply chain from the perspectives of supply chain firms and the government. The main
contributions of this study include: (1) Delving into the mechanism for the goeairto”drive businesses
(producers in the supply chain context) to take initiatives to effectively control and prevatibpaind(2)
Analyzing supply chain firmisoperations strategy decisions for producing EFPs through the development
of an integrated supply chain model that incorporates government regulation and incentivesaas well
consumers’ environmental concerns. It is even more important in promoting /the producer responsibility
principle on environment protection through collaboration among_supply chain firms, as enviednment
protection is never a singparty’s responsibility. Supply chain firmenvirenmental decisions are not only
interrelated with the economic feasibility of their green( investments but alsoatlkeyriven by the
sustainable constraints that represent stakeholdersronmental interests. For motivating supply chain
firms to engage in the investment of EFPs, realizing break-even (in the corepetitiket) within a finite
time period is the backbone of self-sustainability along with environmental sustainability.

From the research findingsewcanconclude\the, following. First, mafacturer’s price decisions are
mainly determined by the market constraint.that represents conswemeir®nmental awareness. This is
intuitively true since, in reality, consumers who have environmental preferevitesccept a price
premium. However, for those who have less environmental consciousness, being prioge sentig
normal case. There also existsyan interplay effect of consuemrsonmental awareness on the market
diffusion of EFPs, which.interrelates consumenrsvironmental quality concerns with their living standards
andlocal economic development. This actually indicates the important role of government incemtives
helping EFPs gosthrough,its market diffusion procesto8d,decisions regarding EEPoptimal initial
guantities are-eonstrained by the total environmental carrying capacity allowed for the edtegaply
chain. Moreover, the sequence of EFBales quantities goes through an initial development (market
diffusion) period toward break-even. The determination of optimal product quantities igoialtp
affected by.the environmental standard and the pollutant emission level of supply chain Hirhsthe
governmerns optimal subsidy decision is influenced by both the supply cfigits’ additional (green)
investmentsand incremental operating costasnd the government’s environmental rehabilitation cost
savings are brought about by reducing environmental externalities. Furthermore, the governnugnt subsi
rate reduces over timend eventually down to zero soon after thlPV becomes positive, implying that,
as the EFP sales quantities increase, the subsidy rate decreases. This is natural since, with more sales

quantities, EFPs hold better position in the market. Consequently, there is less cost disadvantage with
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higher likdihood of self-sustainability so that less subsidy is required to reach break-everih&ramove
analysis, we can see that the key role of the government subsidy is to help supply chawveficors® the
cost disadvantage of implementifgPs in the competitive markand ultimately become self-sustaining
after going through the initial EFP diffusion period.

In sum, our findings indicate that the mechanism of reducing environmental externalities embodies
supply chain firms collaboration of making green investments motivated by the government policy
incentives, which, in turn, improves eco-efficiency and environahgmbtection. This also provides
insights into achieving Pareto optimality with the unification of supply chais’ decision behaviors,
stakeholders’ environmental interests, and social welfare.

Finally, for further study, it would be interesting to explore how to smooththeutcollaboration
between various partners within a supply chain system. In other words, we should investigabe how
effectively mediate any conflicts and unify the interests among the individual supply chain partners in order
to reduce environmental externalities. Another research potential, would extend the inmodel
multi-echelon supply chain systemiotegrating the social dimension inte’the model.
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Table 2 Initial investment cost and operating-parameters

Pollution prevention initial investment cost items Million
Investment omanufacturer I) 4000
Investment of supplietd) 3500

Operating dataritems
Item Thousand/Unit Item Thousand/Unitiltem Item Item Million/Year
pPY 1100 P 300 b 0.15|Y 25,000 | zv 3000
Ccs 350 cS 250 r 5% | E; 1unit | z¢ 600
Cn, 300 cd 200 m 2 ES  0.5/unit
Fn 60 Fo' /30 k 0.1 | E5, 2unit | Iltem Quantity
Wy 30 W4 30 g 0.15| E{ 1unit |Q 8000
W, 10 W %, 10
ce 10 c' 1.0 PF=F +(C: -C{ )+ ls/mZ:ithe
ct 8 ce 15 |

Table 3 Numerical resultsf optimal solutions

t=1 t=2 t=3 t=4 t=5 t=6 t=7 t=8 t=9 t=10
Q d 3500 4025 4628.75 5323.06 6121.52  7039.75 8000 8000 8000 8000
oy 0.27 0.23 0.19 0.16 0.13 0.11 0.09 0.09 0.00 0.00
B 84.86 71.44 59.77 49.63 40.81 33.14 27.00 27.00 0.00 0.00
(thousand)
e
Prnt 1233.33  1233.33 1233.33 1233.33  1233.33  1233.33  1233.33 1233.33 1233.33 1233.33
(thousand)
O 30 31 33 34 36 38 39 41 43 45
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(rﬁmi\r{) -6672.82 -5815.84 -4923.87 -3991.38 -3012.37 -1980.42 -898.44  132.03 974.18 1776.24
Table 4 Evolution of the environmental sustainable constraints
t=1 t=2 t=3 t=4 t=5 t=6 t=7 t=8 t=9 =10
Environment constraint  + - - - - - - - - -
Regulation constraint + + + + + + + + - -
Market constraint + + + + + + + +
Inventory constraint + + + + + + + + + +
Note: “+”refers to the constraint is active, “-’refers to the constraint is inactives
Table 5 Impact of policy incentiveb)(on the optimal decision outcomes
t=1 t=2 t=3 t=4 t=5 t=6 t=7 t=8 t=9 t=10
o 4628.7 5323.0 6121.5,77039.7
\ 3500 4025 6 2 8000 8000 8000 8000
o 0.27 0.23 0.19 0.16 0.13 0.11 0.09 0.09 0 0
b=0.1 B
¢ | (thousan 84.86 7144 59.77 4963 40.81 33.14 27.00 27.00 0 0
(Base di
level) Prnt 1233.3 1233.3 123337 12333 '1233.3 1233.3 1233.3 1233.3 1233.3 1233.3
(thousan 3 3 3 3 3 3 3 3
d)
(o 30 31 33 34 38 39 41 43 45
ANPYV  -6672.8 -58158 349238 -3991.3 -3012.3 -1980.4 1776.2
o -898.44 13203 974.18
(million) 2 4 7 8 2
t=1 t=2 t=3 t=4 t=6 t=7 t=8 =9 t=10
o 4628.7 5323.0 61215 7039.7
; 35000/ 4025 8000 8000 8000 8000
5 6 5
o 0410 0.09 0.07 0.06 0.05 0.04 0.03 0.03 0.03  0.03
Bmt
b=oo | (tHousan 2629 2381 1992 1654 1360 1105  9.00 9.00 9.00  9.00
5 d)
e
Prot 1233.3 1233.3 12333 12333 1233.3 1233.3 1233.3 1233.3 1233.3 1233.3
(th?jl)lsan 3 3 3 3 3 3 3 3 3
(o 30 31 33 34 36 39 41 43 45
ANPYV  -6861.3 -6178.2 -5445.6 -4658.0 -3809.5 -2893.6 -1914.0 -981.0
o -92.44 75382
(million) 9 9 6 6 5 0
t=1 t=2 t=3 t= t=6 t=7 t=8 t=9 t=10
el 46287 53230 61215 7039.7
0 \ 3500 4025 6 8000 8000 8000 8000
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37

o 0.20 0.17 0.14 0.12 0.09 008 0.06 0.06  0.06 0
Bmt
(thousan 56.57 47.63 39.85 3309 2721 2209 1800 1800 18.00 0
d)
e
Pt 1233.3 1233.3 12333 12333 12333 1233.3 1233.3 1233.3 1233.3 1233.3
(thcél;san 3 3 3 3 3 3 3 3 3 3
a, 30 31 33 34 36 36 39 41 43 45
ANPYV  -6767.1 -5997.0 -5184.7 -4324.7 -3410.9 -2437.0 -1406.2 -424.4 1312.6
(million) 1 6 7 2 6 4 2
t=1 t=2 t=3 t=4 t=5 t=6 t=7 t=8 =9 t=10
o 4628.7 5323.0 61215 7039.7
! 3500 4025 8000 <8000 . 8000 8000
5 6 2 5
a 0.36 0.31 0.26 0.21 0.18 0.14 0,12 0.12 0 0
Bmt
(thousan 11314 9525 7970  66.17 5441  44.18 36.00 ./36.00 0 0
d)
e
Pt 1233.3 1233.3 12333 12333 1233.3 1233.3\ 1933.3 1233.3 1233.3 1233.3
(thzl)lsan 3 3 3 3 3 3 3 3 3 3
O 30 31 33 34 36 36 39 41 43 45
ANPYV  -65785 -5634.6 -4662.9 -3658.0 ,-2613.7\ -1523.8 1530.7 2332.8
o -390.65 688.54
(million) 4 1 8 4 9 1 1
=1 t=2 t=3 t=4 t=5 t=6 t=7 =8 t=9 t=10
o 4628.7 5323.0 /61215 7039.7
! 3500 4025 8000 8000 8000 8000
5 6 2 5
a, 0.30 0.26 0.21 0.18 0.15 0.12 0.10 0 0 0
Bmt
(thousan 141.43 119.07 /99.62 8272 6801 5523 45.00 0 0 0
d)
e
Pt 1233.3.41233:3 . 12333 12333 1233.3 1233.3 1233.3 12333 1233.3 1233.3
(thfél)lsan 3 3 3 3 3 3 3 3 3 3
(o} 30 31 33 34 36 36 39 41 43 45
ANPV~ - -6484.2" -5453.3 -4402.0 -3324.7 -22152 -1067.1 1713 1001.3 18435 2645.6
(million) 5 9 8 0 0 9 ' 9 5 6
t=1 t=2 t=3 t=4 t=5 t=6 t=7 t=8 t=9 t=10
. 4628.7 5323.0 61215 7039.7
Qf 3500 4025 8000 8000 8000 8000
5 6 2
aet 0.72 0.60 0.50 0.42 0.34 0.28 0 0 0 0
0.5 Bmt
(thousan 282.86 238.14 199.25 16543 136.03 110.46 0 0 0 0
d)
e
Prnt 1233.3 1233.3 12333 12333 1233.3 1233.3 1233.3 12333 1233.3 1233.3
(thtél)lsan 3 3 3 3 3 3 3 3 3 3



O 30 31 33 34 36 36 39 41 43 45
ANPYV  -6012.8 -4547.2 -3097.6 -1657.9 12158 21443 3028.6 3870.7 4672.8
(million) 2 7 1 6 2 8 9
Table 6 Impact of penalties on the optimal solumRV (Million)
b=0.15,F¢"' =30 Thousand/Unit
t=1 t=2 t=3 t=4 t=5 =6 t=7 t=8 t=9 t=10
F:=50 -6701.16 -5875.20 -5017.22 -4121.96 -3183.72 -2196.42 -1162.76 17832  759.23 1512.23
Fmi=55 -6686.99 -584552  -4970.55 -4056.67 -3098.05 -2088.42 -1030.60")-23.15 936.33 1713.88
Fm=60 -6672.82 -5815.84 -4923.87 -3991.38 -3012.38 -1980.42  -898.44 , 132.02 97418  1776.29
Fmi=65 -6658.66 -5786.15 -4877.20 -3926.09 -2926.70 -1872.42 . -766.28 , 287.20 1155.14  1981.80
Fu:=70 -6644.49  -5756.47 -4830.52 -3860.80 -2841.03 -1764.42 wn=634.11 44237 1336.10  2187.32
b=0.15,F; =60 Thousand/Unit
t=1 t=2 t=3 t=4 =5 =6 t=7 t=8 t=9 t=10
F.; =30 -6672.82 -5815.84 -4923.87 -3991.38 -3012.38 . -1980.42 -898.44  132.02 97418  1776.29
F. =35 -6644.49 -5756.47 -4830.52 -3860.80 -2841.03w,-1764.42  -634.11  442.37 1336.10  2187.32
F,; =40 -6616.16  -5697.11 -4737.17 -3730.23 -2669.69 -1548.43  -369.79  752.72 1698.02  2598.35
F, =45 -6587.82 -5637.74 -4643.82 -3599.65. =2498.34 -1332.43 -105.47 106307  2059.93  3009.38
F,, =50 -6559.49  -5578.38  -4550.46 -3469.08 -2327.00 -1116.43  158.86 1259.71  2308.14  3306.70
Table 7 Impact of environmental constraivit ¢n the optimal decision outcomes
b=0.15, F =60 Thousand/Unit=_; =30 Thousand/Unit
=1 t=2 t=3 t=4 t=5 t=6 t=7 t=8 t=9 t=10
p. 4628.7 5323.0 61215 7039.7
’ 3500 4025 000 8000 8000 8000
6 2 5
Y=250 o 027 023 019 016 013 011 009 009 0.00 0.00
00 Bt
(Base | (thousan 84.86 7144 59.77 4963 4081 3314 2700 27.00 0.00  0.00
level) d)
e
Pt 1233.3 1233.3 1233.3 1233.3 12333 1233.3 1233.3 1233.3 1233.3 1233.
(thousan 3 3 3 3 3 3 3 3 3 33
d)
ANPV  -6672. -5815. -4923. -3991. -3012. -1980. -898.4 1776.
i 132.03 974.18
(million) g2 84 87 38 37 42 4 24
Y=200 t=1 t=2 t=3 t=4 t=5 t=6 t=7 t=8 t=9 t=10
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00 & 6000 6600 7260 7986 8000 8000 8000 8000 8000 8000
o 0.14 0.12 0.09 0.09 0.09 0.09 0.09 0 0 0
Bmt
(thousan 4200 3417 27.37 27.00 27.00 27.00 27.00 0 0 0
d)
e
P 1233.3 12333 1233.3 1233.3 1233.3 1233.3 1233.3 1233.3 1233.3 1233
(thousan 3 3 3 3 3 3 3 3 3 33
d)
ANPY  -6326. -5090. -3783. -2531. -1338. -202.4 67058 1763.8 2606:0 3408.1
(million) 83 91 91 37 49 0 ' 0 1
t=1 t=2 t=3 t=4 t=5 t=6 t=7 t=8 t=9 t=10
& 4500 5175 5951 6844 7871 8000 8000 <8000 %.8000 8000
o 0.14 0.12 0.09 0.09 0.09 0.09 0.09 0 0 0
Bmt
v=230 | (thousand 62.00  51.57 4249 3460 27.74  27.00 , 27.00 0 0 0
00 )
e
Pt 1233.3 12333 12333 1233.3 1233.3 12333 1233.3 1233.3 1233.3 1233
(thousand 3 3 3 3 3 3 3 3 3 33
)
ANPYV  -6534. -5525. -4467. -3353. -2175. '-1039. 1769.0 2571.
o 4264 926.91
(million) 43 87 89 57 43 34 17
t=1 t=2 t=3 t=4 t=5 t=6 t=7 t=8 t=9 t=10
& 4000 4600 5290 6084 6996 8000 8000 8000 8000 8000
o 0.14 0.12 0.09 0.09 0.09 0.09 0.09 0.09 0 0
Bmt
y=240 | (thousand 72.00  60.26 5005, 41.18 3346 27.00 27.00  27.00 0 0
00 )
e
Pt 1233.3 1233.3/-1233'3 1233.3 1233.3 1233.3 1233.3 1233.3 1233.3 1233
(thOI)Jsand 3 3 3 3 3 3 3 3 3 33
ANPYV  -6603. -5670. -4695. -3672. -2593. -1457. -375.8 c1a 1496.7 2298,
(million) 63 85 88 48 90 82 3 ' 89
t=1 t=2 t=3 t=4 t=5 t=6 t=7 t=8 t=9 t=10
& 3000 3450 3968 4563 5247 6034 6939 7980 8000 8000
o 0.34 0.29 0.24 0.20 0.17 0.14 0.11 0.09 0.09 0
Y=260 B
= thousan 102.00 86.35 7274 60.90 5061 4166 33.88 27.11 27.00 0
00 ( d)
pe 1233.3 1233.3 12333 1233.3 1233.3 1233.3 1233.3 1233.3 1233.3 1233
mt 3 3 3 3 3 3 3 3 3 33
ANPV  -6742. -5960. -5151. -4310. -3430. -2507. -1535. -507.0 74 1276.
(million) 02 82 86 28 85 95 52 2 ' 48
t=1 t=2 t=3 t=4 t=5 t=6 t=7 t=8 t=9 t=10
v=280 o 3041.7 3498.0 4022.7 4626.1 5320.0 6118.0 7035.
Qf 2000 2300 2645
00 1 1 2 4 5 75
a 0.53 0.46 0.39 0.33 0.28 0.23 0.20 0.16 013 011
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B

mt

(thousand 162.00 13852 118.11 10035 84.92 7149 5982 49.67 4084 33.17
)
e
Pt 1233.3 1233.3 12333 1233.3 1233.3 1233.3 1233.3 1233.3 1233.3 1233
(thOI)Jsand 3 3 3 3 3 3 3 3 3 33
ANPYV  -6880. -6250. -5607. -4948. -4267. -3562. -2829. -2062. -1257. -408.6
(million) 40 77 81 04 74 93 37 49 37 7
Table 8 Impact of pollutant emissions on the optimal decision outcomes
b=0.15, Fa,=60 Thousand/Unit, F;; =30 Thousand/UnjtY=25000/ E £ =0.5
t=1 t=2 t=3 t=4 t=5 t=6 t=7 t=8 t=9  t=10
o 4628.7 5323.0 61215 70397
e ) 3500 4025 000 8000 8000 8000
En= 6 2 5
1 a 0.27 0.23 0.19 0.16 0.13 0.11 0.09 0.09 0.00 0.00
(Base
level) B
(thousa 84.86 7144 5977  49.63 \w40.81 ) 33.14 2700 27.00 000 0.0
nd)
ANPV  _gg72.8 -5815.8 -4923.8 -3991:3 -3012.3 -1980.4 1776.
(million -898.44 13203 974.18
) 2 4 7 8 7 2 24
o 4666.6 5366.6 6171.6 7097.4
e \ 8000 8000 8000 8000 8000 8000
En= 7 7 7 2
1.5 a, 019 016/ . 0138/ 011 009 009  0.09 0 0 0
Bmt
(thousa 5914 49.08 44033 3272 27.00 27.00 27.00 0 0 0
nd)
ANPV " g514.,3 /.5477.5 -4391.8 -3247.2 -2054.3 1047.9 1890.1 2692.
(million -918.30 163.69
) 6 4 9 7 1 21
o 2800.0° 3220.0 3703.0 4258.4 4897.2 5631.8 6476.5 7448.0
! 000 8000
0 0 0 5 2 0 7
e _
Em= a 0.35 0.30 0.25 0.21 0.18 0.15 0.12 0.10  0.09 0
0.5
Bmt
(thousa 11057 9380 7922 66,54 5551 4592 37.58 30.33 27.00 0
nd)
ANPV " _6769.7 -6018.8 -5243.0 -4437.8 -3598.2 -2718.9 -1794.3 -818.1 965.3
(million 163.26
) 0 1 6 4 4 6 0
b=0.15, Fa,=60 Thousand/Unit,F; =30 Thousand/UnjtY=25000, E S, =1.0
E g — t=1 t=2 t=3 t=4 t=5 t=6 t=7 t=8 t=9 t=10
05 QF 3500 4025 4628.7 5323.0 61215 7039.7 8000 8000 8000 8000
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(base 5 6 2 5
level)
a, 027 023 019 016 013 011 009 009 000 000
Bmt
(thousa 84.86 7144 59.77 49.63 4081 3314 27.00 27.00 0.0 0.00
nd)
ANPV' " 6670 5815, -4923. -3991. -3012. -1980. -898.4 9741 1776.
(millio 132.03
n) 82 84 87 38 37 42 8 24
t=1  t=2 t=3 t=4 t=5 t=6 t=7 t=8  t=9 =10
¢ 7000 8000 8000 8000 8000 8000 8000 8000  80OOW. 8000
a, 011 009 009 009 009 0.09 0 0 0 0
ES=| Bm
1.0 | (thousa 3343 27.00 27.00 27.00 27.00 27.00 O ) 0 0
nd)
ANPV " 6188 -4807. -3492. -2239. -1046. 1017.6. 1901/8° 2744. 3546.
(millio 89.15
n) 44 52 36 83 94 2 9 04 15
t=1  t=2 t=3 t=4 t=5 t=6 t=7 t=8  t=9 =10
o 2875.0 3306.2 3802.1 4372.5 50283 5782.6 6650.0 7647.
; 2500 8000
0 5 9 2 9 5 5 56
cel L 042 036 030 026 021 018 015 012 010 0.09
o1 | Bm 1260
: (thousa = 107.22 9088 76.68( 6433 5359 4426 3613 2907 2700
nd)
(AN_E’_V 6811 -6105. -5379. ‘4629"w-3849. -3035. -2182. -1284. -336.4 5983
millio
n) 80 85 18 32 47 48 79 2 0
Table 9 Impactof.consumérmnvironmental awareness on the optimal decision outcomes
b=0.15,/F ", =60 Thousand/Unit,F; =30 Thousand/UnjtY=25000, ES,=1, ES=0.5
t=1 t=2 t=3 t=4 t=5 t=6 t=7 t=8 t=9  t=10
{ 4628.7 5323.0 6121.5 7039.7
Q 3500 4025 ] , 8000 8000 8000 8000
a, 035 029 024 020 017 014 011 011 011 011
k=0.0| B
5\ | (thousan 84.86 7144 5977 49.63 4081 33.14 27.00 27.00 27.00 27.00
d)
e
P 1168.4 11684 11684 1168.4 11684 11684 11684 11684 1168.4 1168.4
(thousan 2 2 2 2 2 2 2 2 2 2
d)
ANPYV ~ -688. -6269. -5636. -4988. -4320. -3629. -2916. -2237. -1591. -975.3
(million) 19 17 74 51 83 85 90 01 24 2
k=0.1 t=1 t=2 t=3 t=4 t=5 t=6 t=7 t=8 t=9 =10
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(Base

4628.7 5323.0

6121.5

7039.7

level) QF 3500 4025 . X . 8000 8000 8000 8000
a, 0.27 023 019 0.16 0.13 0.11 0.09  0.09 0.00  0.00
Bmt
(thousan 84.86 7144 5977 4963 40.81 3314 27.00 27.00 0.00  0.00
d)
e
Prnt 1233.3 1233.3 12333 1233.3 1233.3 12333 12333 12333 1233.3 12333
(thousan 3 3 3 3 3 3 3 3 3 3
d)
ANPYV  -6672. -5815. -4923. -3991. -3012. -1980. - 1776.2
o 132.03¢,. 974.18
(million) 82 84 87 38 37 42
t=1 t=2 t=3 t=4 t=5 t=6 t=7 t=8 t=9  t=10
X 4628.7 5323.0 61215 7039.7
Qe 3500 4025 8000~ 8000 80 8000
5 6 2 5
a, 0.25 0.21 0.17 0.14 0.12 0.10 0.08 0 0 0
Bmt
k=0.1| (thousan 84.86 7144 5977 4963 40.81 3314_ 27.00 0 0 0
5 d)
e
P 1305.8 1305.8 13058 13058 13058 13058 13058 13058 1305.8 1305.8
(thousan g 8 8 8 8 8 8 8 8 8
d)
ANPV  -6430. -5309. -4127. -2876. \-1549, ' -136.7 13577 2634.8 3851.1 5009.5
(million) 98 12 06 84 85 6 2 3 3 7
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