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Abstract

As environmental degradation intensifies, governments increasingly subsidize green man-
ufacturing to promote sustainability. This study develops a game-theoretic model of two
competing supply chains, comprising original equipment manufacturers (OEMs) and both
traditional and green contract manufacturers (CMs), to investigate the impacts of subsidies
on green manufacturing adoption. Specifically, we construct a four-stage dynamic game
model to examine the interactions among OEMs, CMs, and the government. The main
findings are as follows: First, the government subsidy affects OEMs’ adoption decisions
only if the production cost of green manufacturing or competition intensity is sufficiently
high or if the market sensitivity to green products is relatively low. Second, the optimal
subsidy level depends jointly on the production cost of green manufacturing, competition
intensity, and market greenness sensitivity: when the production cost of green manu-
facturing is low (high), the subsidy should rise (fall) with market greenness sensitivity
but fall (rise) with competition intensity. Third, while intensified competition reduces
OEMs’ profits and overall supply chain performance, its impact on CMs and consumers
depends on the production cost of green manufacturing; in contrast, greater consumer
sensitivity to green products yields an all-win outcome for all stakeholders. These results
yield important managerial implications. For policymakers, when the production costs of
green manufacturing are relatively low, green subsidies should be scaled back as market
competition intensifies. For manufacturers, it is critical to carefully evaluate the production
costs of green manufacturing and the level of government subsidies and to strategically
pursue first-mover advantages in advancing sustainable operations, thereby fostering an
all-win outcome for stakeholders.

Keywords: original equipment manufacturers; contract manufacturers; green manufacturing;
green subsidy

1. Introduction

With the intensification of resource depletion, greenhouse gas emissions, and ecologi-
cal degradation, the global environmental crisis has emerged as one of the most pressing
challenges for sustainable development. Moreover, the ongoing environmental crisis has
significantly reshaped the behaviors of both consumers and industrial participants. On
the consumer side, growing environmental concerns have led to a discernible shift in
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preferences toward environmentally responsible products. Numerous studies have docu-
mented this trend, highlighting that sustainability considerations increasingly influence
consumers purchasing decisions. This evolution in consumer behavior generates strong
market incentives for firms to adopt greener production practices [1-3].

In addition to this shift in consumer behavior, the industrial sector has also faced in-
creasing pressure from governments, who require them to pursue transformative solutions
that reconcile economic growth with environmental protection. Among such approaches,
green manufacturing—defined as the integration of environmentally friendly processes
and technologies into production systems—has been increasingly recognized as an effective
strategy to mitigate environmental problems across a variety of industries [4]. Beyond
meeting regulatory requirements and addressing environmental concerns, green manu-
facturing also enables firms to align with evolving consumer preferences and to enhance
brand reputation. Accordingly, the adoption of green manufacturing has been strongly ad-
vocated by both scholars and practitioners. On the one hand, empirical evidence suggests
that the adoption of green manufacturing can yield multiple benefits for firms, including
improvements in environmental performance, cost savings through efficient resource uti-
lization, enhanced market competitiveness, and greater compliance with environmental
regulations [5]. These advantages have contributed to the growing prevalence of green
manufacturing globally. On the other hand, the economic potential of green manufacturing
is underscored by market forecasts, with the global green technology and sustainability sec-
tor projected to expand from USD 20.90 billion in 2024 to approximately USD 105.26 billion
by 2032 [6]. Such profit prospects further incentivize manufacturing firms to embrace
green practices.

Nevertheless, real-world evidence reveals that despite its potential benefits, the adop-
tion of green manufacturing remains far from universal. Multiple barriers—spanning
economic, technological, regulatory, and market dimensions—continue to hinder its dif-
fusion [7]. In particular, the high costs of green manufacturing represent a particularly
formidable challenge. For example, it has been reported that the U.S. steelmaker Cleveland-
Cliffs abandoned plans for green steel production primarily due to cost considerations [8].
Another major impediment lies in consumer behavior: Although awareness of sustain-
ability is growing, consumers often exhibit a low willingness to pay a premium for green
products, particularly when the price differential is substantial. This consumer reluctance
undermines manufacturers’ ability to recover the additional costs of green manufacturing
and creates further uncertainty regarding its profitability.

The situation is particularly complex in competitive markets. On the one hand,
competitive pressure may motivate manufacturers to pursue green manufacturing as a
means of differentiation and market advantage. On the other hand, the substantial costs of
adopting green practices may expose manufacturers to cost disadvantages relative to non-
adopting competitors, thereby discouraging widespread uptake. As a result, manufacturers
frequently find themselves caught in a dilemma between environmental responsibility and
economic viability. To resolve this tension, governments across the world have increasingly
intervened through policy instruments designed to incentivize green adoption. Among
these, government subsidies are considered particularly effective in alleviating cost burdens
and encouraging firms to invest in sustainable technologies [9].

Although a substantial body of the literature has examined the role of subsidies in
supply chains, prior research has largely concentrated on subsidies directed toward manu-
facturers, downstream retailers, or consumers [1]. For example, a number of studies have
employed game-theoretic models to characterize the interactions among the government
and supply chain members (e.g., Wu et al. [3], Lou et al. [10], and Li et al. [11]). Still,
little attention has been devoted to the roles that subsidies play in green manufacturing
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adoption under competing supply chains. This gap leaves important questions unresolved,
particularly concerning how government subsidies influence manufacturers” adoption
of green manufacturing when both downstream and upstream dynamics are taken into
account. To address this gap, this study investigates the role of government subsidies in
promoting green manufacturing adoption within competing supply chains. Specifically,
we raise the following research questions:

(1) Under what conditions do government subsidies would affect manufacturers” adop-
tion of green manufacturing?

(2) What factors determine the optimal design of government subsidies?

(3) How do competition intensity and consumer sensitivity to product greenness in-
teract with government subsidies to shape outcomes for supply chain members
and consumers?

To answer the above research questions, a dynamic game-theoretical model is devel-
oped, and the contributions of this study is as follows.

First, this paper contributes to the literature on green manufacturing by explicitly
identifying the conditions under which government subsidies influence manufacturers’
adoption decisions. While prior studies have generally treated government intervention
as an exogenous driver facilitating the adoption of green manufacturing (e.g., Zhang and
Yousaf [9]), the specific conditions under which subsidies become effective have largely
been overlooked. Accordingly, the findings of this study help fill this gap in the existing re-
search. Second, this paper advances the theoretical understanding of green subsidy design
by examining the impacts of several critical factors, thereby offering policy insights into
how public funds can be more effectively leveraged to enhance both environmental and
economic performance. Third, this paper also enriches the supply chain management liter-
ature by elucidating the interplay among competition intensity, consumer environmental
sensitivity, and subsidy policies, thus providing a more comprehensive perspective on the
applicability of green subsidies within supply chains. Moreover, although game-theoretic
models have been applied in studies of green manufacturing (e.g., Guo et al. [12]), the inte-
gration of green manufacturing with government subsidy considerations remains scarce.
To address this gap, this paper develops a theoretical framework for analyzing competition
in green manufacturing between two supply chains under government subsidy—a topic
that has received limited attention in the existing literature. Finally, the findings of this
study provide actionable insights for both policymakers and industrial managers who
aim to accelerate the transition toward green production systems, meanwhile balancing
economic performance with environmental sustainability.

The remainder of this paper is structured as follows. Section 2 provides a review of the
related literature. Section 3 develops the game-theoretical model, while Section 4 derives
the equilibrium outcomes. Section 5 conducts comparative statics analyses, and Section 6
presents the numerical analysis, Section 7 discusses the findings and their implications, and
Section 8 concludes this paper.

2. Literature Review

This paper is mainly related to three streams of literature: (i) green manufacturing,
(ii) government subsidies for green products, and (iii) green supply chain management.

2.1. Green Manufacturing

This stream of literature primarily addresses the costs, drivers, and barriers of green
manufacturing [13-17], as mentioned in the Introduction. Beyond cost considerations,
government interventions—such as environmental regulations—as well as firms’ pur-
suit of competitive advantage and corporate reputation, represent important drivers of
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green manufacturing adoption [18]. For example, Nunes and Park [19] demonstrate that
environmental reputation enhances consumer trust and investor confidence. Similarly,
Afum et al. [20] examine the relationship between green manufacturing and sustainable
performance, and they show that it contributes positively to the social, economic, and
environmental outcomes of various industries. These findings suggest that manufacturers
are increasingly motivated to adopt green practices to attract environmentally conscious
consumers and investors.

Despite these benefits, significant barriers hinder the widespread implementation
of green manufacturing, including regulatory, technological, and market-related chal-
lenges [21]. Karuppiah et al. [22] categorize these barriers into three groups: core barriers
such as limitations in R&D, failures in eco-design, and insufficient capital; regulatory bar-
riers including accreditation gaps and stringent tax regimes; and external barriers such
as weak demand for green products and consumer apathy. In addition, Singh et al. [14]
emphasize technical constraints, including the high costs of biodegradable fluids and the
complexity of process optimization.

Taken together, the extant literature highlights the tension between the high costs,
strong drivers, and persistent barriers of green manufacturing, thereby underscoring the
critical role of government subsidies in mitigating cost pressures and facilitating manufac-
turers’ transition toward green production practices. However, the mechanism through
which government subsidies facilitate green manufacturing has been largely overlooked in
this stream of literature.

2.2. Government Subsidies for Green Products

This stream of literature can broadly be classified into three groups. The first group
investigates how subsidy strategies vary across supply chain stakeholders. For example,
employing a Stackelberg model, Xu et al. [23] compare manufacturer and retailer subsidies
in dual-channel supply chains. They found that manufacturer subsidies are more effective
when online sales dominate, as manufacturers directly determine product greenness. By
contrast, retailer subsidies may inadvertently weaken manufacturers’ incentives to improve
green quality. Shang et al. [7] analyze the joint implementation of government subsidies
and carbon taxes, showing that both retailer cooperation and manufacturer cooperation
enhance the overall profitability of the supply chain. In addition, other studies emphasize
subsidies directed at consumers or platforms. For instance, Zhong et al. [24] demon-
strate that subsidies to agricultural e-commerce platforms help to balance environmental
and economic objectives, while Bian et al. [25] find that consumer subsidies outperform
manufacturer subsidies, as they lead to lower abatement levels while stimulating higher
consumption quantities.

The second group explores the effects of subsidies on supply chain performance. In
particular, subsidies influence green supply chains by enhancing product quality, reducing
costs, and stimulating consumer demand [26,27]. From a market perspective, Heydari
et al. [28] show that when governments subsidize manufacturers of green products, retailers
can redirect part of the demand for non-green products toward green alternatives by
incentivizing consumer purchasing behavior. Similarly, Xu et al. [29] find that government
low-carbon subsidies facilitate information sharing among channel members, thereby
improving supply chain coordination.

The third group addresses the optimization of subsidy strategies under varying market
conditions. Li et al. [30] report that product-based subsidies outperform innovation-based
subsidies when the cost of green innovation is high, provided that such innovation signifi-
cantly reduces variable production costs. Under budget constraints, fixed-amount subsidies
outperform discount subsidies for both marginal-cost-intensive and development-intensive
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green products in terms of unit and aggregate greenness [31]. Zhang et al. [32] further
argue that collaborative innovation within the supply chain critically affects the choice of
subsidy mode and rate, and that combining subsidy policies with collaborative contracts
can simultaneously improve economic performance and reduce carbon emissions. In the
agricultural context, Shi et al. [11] show that when farmers self-invest in green technologies,
those with smaller landholdings prefer investment subsidies for technology acquisition
over subsidies for operational activities. In addition, a number of studies have employed
game-theoretic models to characterize the interactions among the government and supply
chain members (e.g., Wu et al. [3], Guo et al. [12], Lou et al. [10], and Li et al. [11]). Nonethe-
less, few of these studies explicitly link green product subsidies to the firm level to drive
green manufacturing transitions.

Compared with the studies mentioned above, this research contributes to the liter-
ature in two key ways. First, this paper focuses on supply chain firms in the context of
green subsidies and examines their role in facilitating manufacturers’ transition to green
manufacturing—an area that has received limited research attention. Second, this paper
also investigates the optimal design of green subsidies and identifies the critical factors
that affect government decision-making in this regard, and these factors have not been
adequately addressed in the existing literature.

2.3. Green Supply Chains Management

The third stream of literature concerns the management of green supply chains. In
the context of Industry 4.0, researchers have examined the role of green manufacturing in
enhancing the performance of green supply chains [33,34]. For example, Li et al. [35] show
that when agency fees are relatively low, agency selling in online channels results in higher
product greenness, whereas reselling benefits product greenness in both online and offline
channels when agency fees are high; moreover, higher consumer green awareness motivates
manufacturers to adopt agency selling. Wang et al. [36] further demonstrate that consumer
green preferences positively affect green supply chains by improving product greenness.
Similarly, Hsieh and Lathifah [37] reveal that the spillover effects of blockchain technologies
benefit both blockchain-based sales platforms and manufacturers under coordinated supply
chains. In addition, Xia et al. [38] find that differences in product greenness across channels
influence wholesale prices, although retailers” expected profits remain unaffected.

With regard to supply chain coordination, Ma et al. [39] show that revenue-sharing,
bilateral cost-sharing, and two-part tariff contracts can effectively coordinate manufacturer-
led and retailer-led green supply chains, in some cases achieving Pareto improvements.
Along similar lines, Liao et al. [40] highlight the benefits of revenue-sharing and cost-sharing
contracts, finding that such mechanisms allow manufacturers to capture higher benefits.
Esmaeeli et al. [41] examine big data investments in green supply chains, concluding
that cost-sharing contracts are suitable in Nash equilibrium scenarios where all supply
chain members, including customers, benefit. In the context of capital-constrained green
supply chains, Wu et al. [3] compare various subsidy strategies implemented by retailers,
finding that manufacturers and retailers may prefer either cost-sharing or interest-reduction
strategies depending on financial constraints. Furthermore, Wang et al. [2] demonstrate
that option contracts can achieve pareto-efficient coordination when warehousing contracts
safeguard inventory costs before and after coordination in green supply chains.

Distinct from the aforementioned studies, this article examines green supply chain
management within the framework of government subsidies. By analyzing the design
of optimal subsidy schemes, this paper further explores the factors that drive conflicts
of interest among supply chain members. In particular, given that the impacts of critical
factors—such as the production cost of green manufacturing, the intensity of market
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competition, and the market’s sensitivity to green products—on the green subsidy are
non-monotonic, our findings suggest the use of a collective coordination mechanism for
green manufacturing, thereby extending and complementing the existing literature from a
collaborative perspective.

3. Model Setup

We consider two competing supply chains, indexed by i = 1,2. Each supply chain
consists of a traditional contract manufacturer (CM;) and an original equipment manu-
facturer (OEM;). The OEM outsources its production quantity g; to its corresponding
contract manufacturer, who undertakes the production at a unit manufacturing fee w; and
incurs a constant unit production cost c;. Consumers exhibit a willingness to pay a positive
premium € > 0 for products manufactured through sustainable practices [12], and We refer
to this premium as the market greenness sensitivity of green manufacturing. Moreover,
following Cai et al. [42] and Shi et al. [43], we assume that this market sensitivity to green
manufacturing is positively and linearly related to the product’s selling price.

To cater to this sustainability preference, a specialized sustainable contract manufac-
turer, denoted as CM), offers green manufacturing services at a unit manufacturing fee
wp and a constant unit production cost ¢y > 0. In accordance with empirical observations,
we assume that green production is more costly, i.e., ¢g > c;. For analytical tractability,
the production costs of the two traditional contract manufacturers are normalized to zero,
thatis, ¢; = 0. This treatment of production costs is consistent with prior studies in the
operations management literature, such as Liao et al. [40] and Shang et al. [7]. Following
Guo et al. [12] and Singh and Vives [44], the demand functions for the two supply chains
are specified as follows:

pi =1—q;— Bq: + xj€ 1)

where i € {1,2},x; € {0,1} and t = 3 —i. B € (0,1) denotes the degree of product
substitutability between the two supply chains. Specifically, as B — 0, the products tend to
be more heterogeneous, leading to weaker market competition. Conversely, as p — 1, the
products become increasingly homogeneous, thereby intensifying the degree of competition
in the market.

To incentivize the adoption of green manufacturing, the government provides a per-
unit subsidy ¢ for products produced through green processes. When green manufacturing
is adopted, the subsidy is allocated between the original equipment manufacturer (OEM)
and the contract manufacturer (CM) according to a proportion A € [0, 1]. Specifically, A = 0
implies that the subsidy is granted exclusively to the CM, A = 1 indicates that it is entirely
allocated to the OEM, and A € (0,1) corresponds to a shared subsidy scheme between
the two parties. The government incurs a quadratic subsidy cost given by k6% /2, where
k > 0 denotes the cost coefficient associated with subsidy provision. Note that we employ a
quadratic cost function to capture the essence of resource scarcity (e.g., limited government
budget), which gives rise to increasing marginal costs of subsidizing. Such a cost structure
has been widely adopted in the economics and management literature [7]. Moreover, one
can readily verify that if a constant marginal cost (e.g., a linear subsidy cost) is adopted,
the main results of this paper remain quantitatively valid, with the only difference being
that the values of the critical thresholds change. The main notations used in this paper are
listed in Table A1 in Appendix A.

In addition, to ensure that OEMs obtain a positive benefit from adopting green manu-

facturing, we require € > € = max{co,5/23}. Additionally, to guarantee the existence of an
7438 (7+3B)A (7+3B)(1-A)
2+8)*" (2+p)* 7 (24B)* 7

- } where A = (24 B)2(—2%(—1+€) + 32 —

equilibrium solution, we impose the condition k > k = max{ 5
2(—56—24B+78%438%)
A

B
7 (2+B)3(64—328—16B2+p%)
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8B8(1+¢€)+ B3(1+¢€) — (32— 88282+ p%)co), B = 2048 — 40968 + 23045 + 5248 +
736p* — 816p° — 204p° + 2867 + 9p%, and C = —2B*(—1+¢) +32¢ — 8B(1 + ¢)+
B3(1+¢€)— (32 — 88 —2B% + B%)co. We develop a four-stage dynamic game model, as
illustrated in Figure 1. The decisions sequence is as follows.

Stage 0: The government determines the subsidy level J for each product manufactured
through green processes.

Stage 1: OEM; and OEM, decide whether to adopt green manufacturing.

Stage 2: CMy, CM;, and CM; set their respective manufacturing fees, denoted by
wo, wy, and wy.

Stage 3: OEM; and OEM, determine their production quantities, g; and g5, respectively.

The government
determines the green
subsidy &

CM,; sets
manufacturing fee w;

OEM; decides

OEM; decides
production quantity

whether to adopt
green manufacturing 4i

Figure 1. Decision sequence.

Note that the decision sequence reflects real-world observations. First, in practice,
OEMs may determine their production quantities after receiving price quotes from CMs
via websites [45]. Second, since the adoption of green manufacturing represents a long-
term strategic choice, it is reasonable for OEMs to anticipate the subsequent responses
of CMs before committing to such decisions. Similarly, as governments aim to maximize
social welfare, it is logical for them to design subsidy policies from an even more long-term
perspective. In addition, a similar decision-making framework is adopted by Guo et al. [12].

In the second stage, each OEM decides whether to adopt green manufacturing, de-
noted by “Y” if adopted and “N” otherwise. Consequently, the adoption decisions of
the two OEMs yield four possible combinations (see Table 1), which correspond to four
distinct subgames:

Subgame I: Neither OEM; nor OEM, adopts green manufacturing (N,N);
Subgame II: Only OEM; adopts green manufacturing (Y,N);

Subgame III: Only OEM,; adopts green manufacturing (N,Y);

Subgame IV: Both OEM; and OEM,; adopt green manufacturing (Y,Y).

Table 1. The combinations of different green manufacturing strategies for OEMs.

OEM;
Non-green manufacturing ~ Green manufacturing
OEM, Non-green manufacturing (N,N) (Y,N)
Green manufacturing (N,Y) (Y,Y)

In what follows, we solve the game model presented above by backward induction in
Section 4 and use the resulting solutions to characterize the behaviors of the government,



Sustainability 2025, 17, 9028 8 of 27

OEMs, and CMs. Furthermore, we analyze how critical factors influence their performance
by conducting comparative static analyses in Section 5.

4. Model Analysis and Equilibrium Results

In this section, we derive the equilibrium outcomes of the four subgames within the
four-stage dynamic game introduced in Section 3. Specifically, we use the superscript “*z”
(where z =1, II, III, IV to denote the equilibrium outcome of each subgame, corresponding,
respectively, to the strategy profiles (N,N), (Y,N), (N,Y), and (Y,Y), which are analyzed in
Sections 4.1-4.4. Section 4.5 then synthesizes these results to determine the equilibrium
adoption strategies of the OEMs. Finally, Section 4.6 addresses the government’s problem
of setting the optimal subsidy.

4.1. Neither OEM1 nor OEM, Adopts Green Manufacturing (I)

In this case, as neither OEM adopts green manufacturing, consumers do not pay any
premium (i.e.,, x; = 0). Accordingly, the optimization problem faced by OEM; can be
formulated as follows:

H}ﬁXNOEMi = (pi — wi)qi (2)

Therefore, the optimization problem faced by CM; can be formulated as:
maxyicy,; = widi 3)

We solve this subgame by back induction. Because the objective functions in
Equation (2) and Equation (3) are concave in g; and w;, respectively, by the first-order
conditions, the equilibrium results are presented in Lemma 1.

Lemma 1. When neither OEM; nor OEM, adopts green manufacturing, the equilibrium
outcomes are:

g 2-B 2 22— B)? 4
w*I: wa _ ; wl okl R n*l _ 7'[*1 = \e-r . 7_[*1 _ 7_(*1 - =
1 2 -8 B N 92 8128 B2 CM,; CM, (4—/3)3(2-1-/3) OEM, OEM, (- 5)2(2+ﬁ)2

Lemma 1 indicates that when neither OEM1 nor OEM2 adopts green manufacturing, their
operational performance is primarily determined by the intensity of market competition.

4.2. Only OEM; Adopt Green Manufacturing (1I)

In this case, since only OEM; adopts green manufacturing, product 1 receives a
premium (i.e., x; = 1 and xp = 0). The government subsidy is allocated as Aé to OEM; and
(1 —A)é to CM;. Accordingly, the optimization problem of OEM; can be formulated as:

maxmToEm; = (p1 —wo + Ad)q

_ (4)
n;?anEMz = (p2 — w2)q>
Thus, the CM;’s optimal problems can be written as:
max7rtcy, = (wo —co+ (1 —A)d)qq
wo (5)

1’1’1&1X71’CM2 = W2
wa

We solve this subgame by back induction. Because the objective functions in
Equation (4) and Equation (5) are concave in g;, w,, and wy, correspondingly, by the first-
order conditions, the equilibrium results are presented in Lemma 2.
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Lemma 2. When only OEM1 adopts green manufacturing, the equilibrium outcomes are:

a1 8—PBF—2B(1+5+€)+2Bco Wil 8(1+e+d(—1+4+21)) —B(2+B(1+€e+A)) + 8¢

wy = 16— p2 2 = 16 — p2
o1 2(8—pF—2B(1+6+€)+2Bco) a1 16(1+0+€)—4p—282(1+6+¢€) —2(8— B?)co
2 = 64— 2087 + B o= 64 — 207 + B '

ol _228=8(1+45+e)+f(1+5+e)+(8=p o) i _ 2(8—p2—2B(1+0+¢) +2pcp)’

CMy, —

(16 — p2)2(4 - B?) CoTe (16— p2)2(4 - B?) '
i _ 42 —8(1+5+¢) +p2(1+0+¢€) + (8- p)co)?

ai 48— B —2B(1+6+¢€) +2pcp)?
(64 —20B2 + p4)?

TTOEM, —

,and oM, = (64— 2082 + p)2

Lemma 2 demonstrates that when only one OEM adopts green manufacturing, its op-
erational performance is jointly determined by the production cost of green manufacturing,
the intensity of market competition, and the market’s sensitivity to green products.

4.3. Only OEM, Adopt Green Manufacturing (1I)

In this case, since only OEM,; adopts green manufacturing, product 2 receives a
premium (i.e., x; = 0 and xp = 1). The government subsidy is allocated as Aé to OEM; and
(1 —A)d to CMy. Accordingly, the optimization problem of OEM,; can be formulated as:

{ H}fllXHOEml = (p1 —w1)q

(6)
MaxmoEM, = (P2 = wo +Ad)q2
Thus, the CM;’s optimal problem can be written as:
maXTl’CMO = (ZUO —Cp + (1 — /\)5)q2
0 ()

I'I‘ZIUE]1X7TCA/I1 = w1491
We solve this subgame by back induction. Because the objective functions in Equation
(6) and Equation (7) are concave in g;, w1, and wy, correspondingly, by the first-order condi-
tions, the equilibrium results are presented in Lemma 3. Note that due to the symmetric
setting, the results in Lemma 3 are the opposite of those in Lemma 2.

Lemma 3. When only OEM, adopts green manufacturing, the equilibrium outcomes are:

Z,USIH _ 8 — ﬁz — 25(1 +9 +€) +2‘BCO w*III _ 8(1 +€+(5(71 +2/\)) — 'B(2+ ‘5(1 +€+5)L)) +8C0

16 — p2 ! 16 — p2
28— PP —2B(1+6+¢€) +2Bco) . 16(1+0+e)—4p—2(1+6+¢€) —2(8— B
N 64— 2067 + pt 2 64 — 202 + pA '

ot _228=8(1+6+e)+(1+5+e)+(8=p)co)® i _ 28— B2 —2B(1+0+¢) +2pcp)’

CM, —

I 4(8 — B> —2B(1+ 6 +€) +2Bco)?

(16 — p2)(4 - ) Corem (16 - p2)*(4 - ) '
i _ 42B—8(1+0+e)+p2(1+5+€)+ (8- p)ay)®

OEM; —

(64 —20B2 + p4)? ’

and - TOEM, = (64 — 20p2 + p*)2

4.4. Both OEM1 and OEM2 Adopts Green Manufacturing (IV)

In this case, as both OEM; and OEM, adopt green manufacturing, each product
receives a premium (i.e., x; = xo = 1). The government subsidy is allocated as Aé to each
OEM and (1 — A)J to each corresponding CM. Accordingly, the optimization problem faced
by OEM; can be formulated as:

mqaxnogMi = (pi —wo + Ad)gq; 8)
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Thus, the CMj's optimal problem can be written as:
maxrteyy = (wo —¢o+ (1 =A)8) (1 +42) 9)

We solve this subgame by back induction. Because the objective functions in
Equations (8) and (9) are concave in q; and wy, respectively, by the first-order conditions,
the equilibrium results are presented in Lemma 4.

Lemma 4. When both OEM; and OEM; adopts green manufacturing, the equilibrium
outcomes are:

1 14+d0+€e—c
*IV _ = _ _ *[V — *IV —
wy = 2(1 +e—06(1-2A)+co), i 95 1128
v _(1+6+€_C0)2 IV %IV _(1+(5+€—C0)2
néMO - 2(2 T ,B) 4 and 7-[(*)EM1 - 7-[(*)EM2 - 4(2 + ﬁ)Q

Lemma 4 shows that although the subsidy proportion for OEMs (A) influences the
wholesale pricing set by the green contract manufacturer, it does not affect the selling
quantities or the profits of supply chain members. This implies that an increase in A can be
counterbalanced by appropriately adjusting the wholesale price, wy.

4.5. The Nash Equilibrium of OEM;’s and OEM;’s Green Manufacturing Adoption

Based on the four subgame equilibria solved in Sections 4.1-4.4, we continue to solve
for the equilibrium of OEM1’s and OEM2’s green manufacturing adoption in the second
stage. Specifically, as per the Lemmas 1-4 in Sections 4.1-4.4, the question of whether
an OEM should adopt green manufacturing can be written in the following normal-form
game, as summarized in Table 2. Namely, given the strategy options available to the OEMs
and their corresponding payoffs, the competition between the two OEMs in adopting green
manufacturing can be characterized as a simultaneous-move game.

Table 2. The payoffs of OEMs under different green manufacturing strategies.

OEM;

Non-green manufacturing ~ Green manufacturing

; * * 1 1
OEM, Non-green manufacturing (TOEM,” TOEM, ) (oM, TTOEM,)
( *111 *111 )

i *1V *1V
Green manufacturing TOEM,» TTOEM, (TOEM,» TOEM,)

Solving the Nash equilibrium for the above normal-form game, we present the equi-
librium results of the green manufacturing strategies for OEM1 and OEM2 in Proposition
1, and Figure 2 further visualizes these equilibrium results. For the sake of conciseness,

: ed: R1 — . (2—p)p(4+p) _ A
the following sets are defined: R1 = {(c(;, 5)3. 0<cy< Wm +e ; o (3/5,6) and
6 =>0o0r Cg(,B/ €) <cg<eandd > 88—2p°—p°—32e+8Be+2p%e— B e+32c9—8Pco—2p%co+p%cp _ 5#}'

32-88—2B2+p3
R2 = {(co,6) : ch(B,€) <co<€,0<6 <6}
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Figure 2. The equilibrium of OEMs’ green manufacturing adoption strategies (8 = 0.5 and € = 0.3).
Note that the horizontal axis represents the production cost of green manufacturing, while the vertical
axis denotes the per-unit subsidy for green manufacturing products.

Proposition 1. When the market greenness sensitivity of green manufacturing is large enough
(€ >¢€):

(1) If (cy 6) €RI1, there exists a unique subgame equilibrium (YY), representing that both
OEM; and OEM, choose to adopt green manufacturing;

(2) If (co 0) €R2, there exists two subgame equilibrium (Y,N) or (N,Y), representing that only
OEM; or OEM); chooses to adopt green manufacturing.

All proofs of propositions and corollaries are provided in Appendix A.

Proposition 1 indicates that when the market’s sensitivity to green manufacturing is
sufficiently high, adopting green manufacturing is a dominant strategy for an OEM if its
rival does not adopt it. Conversely, once an OEM has adopted green manufacturing, the
competitor’s adoption decision depends critically on the production cost of green manufac-
turing (cp) and the level of government’s green subsidy (J). Different combinations of the
production cost of green manufacturing and the level of government subsidy may lead to
distinct equilibrium outcomes, whereby either only one OEM adopts green manufacturing
or both OEMs do so. This finding suggests that the production cost of green manufacturing
and the level of government subsidy constitute the two pivotal factors influencing OEMs’
adoption of green manufacturing.

Specifically, when the production cost of green manufacturing is relatively high and
the government subsidy is low ((c, J) €R2), the subgame equilibrium results in asymmet-
ric adoption of green manufacturing, i.e., either (Y,N) or (N,Y). In this scenario, if OEM;
adopts green manufacturing, it is optimal for OEM, not to adopt, and vice versa. The
rationale is that under high production costs of green manufacturing, a low subsidy is
insufficient to incentivize simultaneous adoption of green manufacturing. Due to intense
competitive pressures, the second-mover OEM will soon realize that adopting green man-
ufacturing would yield a lower profit than abstaining from it (i.e., 75 My > ”(BIEVMZ and
n—(*)IEIIIVIl > ng%le). Hence, the first-mover OEM can effectively deter its competitor from
green manufacturing adoption, capturing a strategic advantage. This finding implies that in
contexts of high production cost of green manufacturing and limited government support,
manufacturers that proactively implement green manufacturing can leverage a first-mover
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advantage to restrict competitors’ green manufacturing adoption, thereby enhancing their
own profitability.

Conversely, when the production cost of green manufacturing falls below a critical
threshold (co < cfi(B, €)) or the subsidy is sufficiently high ((c,,J) €R1), the equilibrium
becomes symmetric, i.e., (Y,Y), where both OEMs adopt green manufacturmg. Two mecha-
nisms drive this outcome: first, when the production cost of green manufacturing is low,
the market greenness sensitivity of green manufacturing alone suffices to incentivize green
manufacturing adoption even in the absence of government subsidies, allowing OEMs
to capture additional profits from consumers” willingness to pay a premium for green
products. Second, when the production cost of green manufacturing exceeds the threshold,
a sufficiently large government subsidy compensates OEMs for the intensified competition
associated with simultaneous adoption of green manufacturing, making green manufac-
turing profitable for both OEMs. However, if the government subsidy is inadequate, the
equilibrium reverts to asymmetric adoption ((Y,N) or (N,Y)), as the follower OEM would
incur a net loss by adopting green manufacturing alongside its competitor. This suggests
that the impact of government subsidies on green manufacturing adoption becomes signifi-
cant primarily when the production cost of green manufacturing is high. By contrast, when
the production cost is sufficiently low, government intervention is unnecessary, as market
forces alone will naturally drive OEMs toward adopting green manufacturing.

In summary, Proposition 1 demonstrates that both the production cost of green manu-
facturing and government green subsidy jointly shape the strategic landscape of green man-
ufacturing adoption. From a managerial perspective, firms should carefully assess these
factors: proactive adoption can secure a competitive edge under high-cost, low-subsidy
conditions, whereas coordinated or mutually incentivized adoption is feasible when green
production costs are low or subsidies are sufficiently generous. Strategic timing and aware-
ness of government incentives are therefore crucial levers for enhancing performance
in green manufacturing initiatives. This result aligns with Przychodzen et al. [46] who
emphasize the pivotal role of first-mover advantages in advancing sustainable operations.

aco(ﬁ €)

Corollary 1. >0, acga(ﬂ €) 0, O, <0, and 25" > 0.
B ac 86 8[3

Corollary 1 shows the impacts of market greenness sensitivity of green manufacturing,
competitive intensity, and the production cost of green manufacturing on OEMs’ adoption
decisions of green manufacturing. Intuitively, as the market’s sensitivity to green manu-
facturing increases, OEMs are more inclined to adopt green manufacturing. In contrast,
higher competitive intensity or elevated production cost of green manufacturing diminish
the likelihood that all OEMs will adopt green manufacturing. These results indicate that
while greater market greenness sensitivity exerts a positive influence on OEMs’ adoption
decisions, both intensified competition and higher production cost of green manufacturing

have a negative impact.

4.6. The Government’s Optimal Subsidy for Green Manufacturing

In this subsection, we consider a scenario in which the government aims to induce all
OEMs to adopt green manufacturing through subsidy; that is, the government’s preferred
outcome is the equilibrium (Y,Y). A natural question arises: what level of subsidy is
optimal under this objective? To address this, given the specified demand functions, the
consumer surplus (CS) can be calculated as: CS = (g% + g3 + 28q192) [44]. Furthermore,
total profit of supply chain and the social welfare (SW) under the equilibrium (YY) is
given by: il = 713\‘4/ + n(")IEVMl + H(BIE‘G\/IZ and SW*V = il + CS*1V, respectively.
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Accordingly, with the quadratic subsidy cost k3 /2 to capture the increasing marginal cost
of subsidization, the government’s optimization problem can be formulated as:

ko2
v v v v v
max I = 7giy, + 7o, + Togm, +CS™ ==~ (10)

s.t.6 > max{0, 5#}

Solving the optimization problem (10), we present the government’s optimal green
subsidy in Proposition 2.

Proposition 2. When the government intends to induce all OEMs to adopt green manufacturing,
the optimal subsidy is:

0 =

&', if co < cf(B,e), where o1 — /T3P (L +e—co)
5, if co>cl(Be), 2k(2+B)* —7—-3B

Proposition 2 demonstrates that when the government seeks to incentivize a greater
number of OEMs to adopt green manufacturing, the optimal green subsidy is contingent
upon the production cost of green manufacturing, the market greenness sensitivity, and
the intensity of competition, as illustrated in Figure 3. Specifically, in Figure 3a, when
the market greenness sensitivity and production cost are located in the blue region, the
optimal subsidy is 6!. By contrast, when they both fall into the green region, the optimal
subsidy increases to 6*. Similarly, Figure 3b shows that when the competitive intensity
and production cost of green manufacturing are in the blue region, the optimal subsidy
is 81, whereas in the green region, it rises to 6. Figure 3c further illustrates that when
competitive intensity and market greenness sensitivity are in the blue region, the optimal
subsidy is ¢!, but when they move to the green region, the subsidy must increase to &*.
Note that ! is an unbinding solution, whereas ¥ is a binding solution. Thus, this pattern
indicates that when the production cost of green manufacturing exceeds a certain threshold
(c¥(B, €)), the government should implement a higher subsidy to induce all OEMs to adopt
green manufacturing. Although such a subsidy may not be globally optimal from a broader
welfare perspective, it constitutes a suboptimal policy instrument specifically designed
to ensure full adoption of green manufacturing. The threshold (cfi(B, €)) therefore plays a
pivotal role in determining the government’s optimal subsidy design.

The managerial implications of Proposition 2 are: First, the government should cali-
brate green subsidies according to both market conditions and production characteristics:
higher production cost of green manufacturing or intensified competition necessitate more
substantial subsidies to achieve full adoption of green manufacturing. Second, subsidies
should be targeted strategically rather than uniformly applied, as the same level of sup-
port may be insufficient under high-cost or high-competition scenarios. Finally, proactive
subsidy design can serve as an effective policy tool to align OEMs’ strategic decisions
with environmental objectives, ensuring adoption of green manufacturing practices while
mitigating potential competitive distortions.
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(b)

Figure 3. The government’s optimal subsidy ( 5*). (a) B = 0.5; (b) € = 0.5; (c) cg = 0.5. Note that in
panels (a,b), the axis labeled “cy” denotes the production costs of green manufacturing, while the
axis labeled “€” represents the market greenness sensitivity of green manufacturing. In panels (b,c),
the axis labeled “B” indicates the degree of product substitutability.
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5. Comparative Static Analyses

This section performs comparative static analyses to examine the impacts of green
manufacturing production costs the production cost of green manufacturing (cp), mar-
ket competition intensity (), and the market’s sensitivity to green products (€) on the
equilibrium outcomes.

5.1. The Impact of co, B, and € on the Government’s Subsidy

Proposition 3. When the government intends to induce all OEMSs to adopt green manufacturing,
we have:
if co < cf(Be), then 3T <0,%5 >0, andaa%* <0,

if cg > cg(ﬁ,e), then % > 0,% < 0,and % >0.

Proposition 3 illustrates the impacts of the production cost of green manufacturing
(co), market competition intensity (), and the market’s sensitivity to green products (€)
on the government’s optimal subsidy, as also depicted in Figure 4. Overall, these impacts
on the optimal government subsidy are generally non-monotonic (see Figure 4a—c). In
Figure 4a, when the production cost of green manufacturing (cp) is low, an increase in
the production cost of green manufacturing reduces the optimal subsidy. However, once
the production cost of green manufacturing exceeds a certain critical threshold, further
increases in it actually raise the optimal subsidy. A similar pattern is observed for market
competition intensity () in Figure 4c, but for the market greenness sensitivity (€), the
situation is reversed. In Figure 4b, the condition ¢y < c}(B, €) is equivalent to € > €*(B, cp),
where €*(B, cy) denotes the unique solution to the equation ¢y = cfi(B, €). In this scenario,
when the market’s sensitivity to green products (€) is relatively high, a further decrease
in € reduces the optimal subsidy. However, once € falls below a certain critical threshold
(€*(B, co)), any additional decline leads to an increase in the optimal subsidy.

This phenomenon arises because the critical thresholds of the production cost of
green manufacturing (cg), market competition intensity (8), and the market’s sensitivity to
green products (€) determine whether the government’s green subsidy influences OEMs’
decisions to adopt green manufacturing. Specifically, when the production cost of green
manufacturing (cp) or market competition intensity () is below its respective threshold
while the market’s sensitivity to green products (€) exceeds its corresponding threshold, the
government subsidy has no impact on OEMs’ adoption decisions of green manufacturing.
In other words, even in the absence of the government subsidy, OEMs will voluntarily
adopt green manufacturing due to favorable market conditions. Consequently, further
increases in the production cost of green manufacturing (cp), market competition intensity
(B), or the market’s sensitivity to green products (€) reinforce OEMs’ adoption of green
manufacturing, enabling the government to reduce the green subsidy without discouraging
any OEMs from engaging in green production. This finding suggests that policymakers
should dynamically adjust green subsidies to respond to changes in the production cost of
green manufacturing, the intensity of market competition, and the market’s sensitivity to
green products.
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Figure 4. The impact of ¢y, €, and B on the government’s optimal subsidy ( §*). (a) p = 0.5, k = 10,
and e = 0.3; (b) B = 05, k = 10,and cg = 0.8; (c) e = 0.4, k = 10, and ¢y = 0.3. Note that in
panels (a—c), vertical axis denotes the optimal per-unit subsidy for green manufacturing products,
while the horizontal axis represents, respectively, the production cost of green manufacturing, the
market greenness sensitivity of green manufacturing, and the degree of product substitutability. Note
that the dotted and solid lines in each subfigure respectively indicate the threshold and the optimal
subsidy for each case.
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5.2. The Impact of ¢y, B, and € on the Wholesale Price

Proposition 4. When the government intends to induce all OEMs to adopt green manufac-

. . # o wylv o wylV oIV
turing, we have: if co < c{(B,€), then —1— > 0,—1— = 0 and ° a/s < 0 for
*IV
A > Land azgg > 0 otherwise; if co > ci(B,€), then wo > 0, awﬂ > 0, and

Bwo

9

d wo

>0 for A >1/2and g~ <0 otherwise.

Proposition 4 shows the impacts of the production cost of green manufacturing (c),
market competition intensity (), and the market’s sensitivity to green products (€) on
the wholesale price of green manufacturing CM. It is evident that both the production
cost of green manufacturing and the market’s greenness sensitivity positively influence
the wholesale price. In contrast, the impact of market competition intensity (8) on the
wholesale price is conditional, depending on the relative share of the government’s green
subsidy to OEMs. Specifically, when the government provides a relatively high subsidy to
OEMs (i.e.,, A > 1/2), an increase in market competition intensity () raises the wholesale
price. Conversely, when the government provides a lower subsidy (i.e., A < 1/2), an
increase in market competition intensity (8) reduces the wholesale price. Therefore, this
opposite effect highlights that the subsidy proportion for OEMs plays a crucial role in
determining how intensified market competition influences the wholesale pricing strategy
of green contract manufacturers.

5.3. The Impact of cg, B, and € on the Outsourcing Quantities
Proposition 5. When the government intends to induce all OEMs to adopt green manufacturing,

we have aq‘ <0, aql >0, and %15 < 0.

Proposition 5 shows that the impacts of the production cost of green manufactur-
ing (cp), market competition intensity (), and the market greenness sensitivity of green
manufacturing (€) on the quantities of green manufacturing. Specifically, increases in the
production cost of green manufacturing (cp) and market competition intensity (8) reduce the
green manufacturing quantities, whereas higher market greenness sensitivity (€) increases
these quantities.

5.4. The Impact of co, B, and € on the Profitability of OEMs and CMs

Proposition 6. When the government intends to induce all OEMs to adopt green manufacturing,

MM MM IEEM ?’:% d (*711\‘/1/
we have: (1) 3 i <0, e L >0, and 9B L < 0 (2) —0 <0, 0 >0, and
oLV *IV
CM, # # # icm ; #
g <0 foreo < co(B,€)orco > cj(B,e)and p > B and op - = 0 otherwise, where " is

the unique root of equation 64 — 808 — 4862 + 2B% + 38* = 0 in the unit interval.

Proposition 3 shows the impacts of the production cost of green manufacturing (c),
market competition intensity (), and the market greenness sensitivity of green manufac-
turing (€) on the profitability of OEMs and CMs. For OEMs, increases in the production
cost of green manufacturing (cp) and market competition intensity (8) reduce profitabil-
ity, whereas higher market greenness sensitivity (€) enhances their profits. For CMs, the
impacts of the production cost of green manufacturing (cp) and the market greenness sensi-
tivity of green manufacturing (€) on profitability are similar to those for OEMs. However,
the impact of market competition intensity () on CMs’ profitability is non-monotonic:
When the production cost of green manufacturing is low, or when both the production
cost of green manufacturing and competition intensity are sufficiently high, an increase
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in market competition intensity (8) reduces CMs’ profitability; otherwise, higher market
competition intensity () increases CMs’ profitability. This finding suggests that, given
the non-monotonic effects, a win-win outcome for supply chain members is more likely to
occur only when the intensity of market competition is relatively low.

Corollary 2. As market competition intensity (B) increases, the profit share of OEMs (CMs) in the
supply chain rises (falls) in the absence of a government subsidy, but decreases (increases) when a
government subsidy is provided.

Corollary 2 shows the impacts of market competition intensity (8) on the profit shares
of OEMs and CMs in the supply chains, as shown in Figure 5. When the government
does not provide a green subsidy (Figure 5a), an increase in market competition intensity
allows OEMs to capture a larger share of profits relative to CMs. This occurs because
higher competition intensity negatively affects CMs in two ways: it reduces the outsourc-
ing quantity of OEMs’ products and lowers the wholesale price. By contrast, when the
government provides a green subsidy (Figure 5b), an increase in market competition inten-
sity results in OEMs capturing a smaller share of profits compared to CMs. In this case,
higher competition intensity can raise the wholesale price, benefiting CMs while harming
OEMs. Consequently, CMs may obtain a larger share of the supply chain profits relative to
OEMs. This finding indicates that, relative to OEMs, contract manufacturers (CMs) derive
greater benefits from government green subsidies when market competition intensifies.
Under such circumstances, CMs are able to capture additional profits arising from the
government subsidy.

1.0 1.0
08l "OEM1*"6’EM2 08l "3¥M1'"3¥M2 1
: =y : - =Y
sc sC
0.6 q 0.6
0.4 ,_//_ 04k ]
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B B
(a) (b)

Figure 5. The impact of B on the profit share of the OEMs in the supply chains. (a) Without the
government’s green subsidy; (b) With the government’s green subsidy. Note that in panels (a,b), the
vertical axis represents the OEMs’ profit share in the supply chain, while the horizontal axis denotes
the degree of product substitutability.

5.5. The Impact of cy, B, and € on Consumers, Supply Chain, and the Government

Proposition 7. When the government intends to induce all OEMs to adopt green manufacturing
by subsidy, we have: (1) acs*zv <0, aCS* > 0,and 25 < 0forco < (B, €) and acas*fv >0

o B
*[V
> 0, and "’”Sﬁc <0;(3) aHG <o, 2’ oL

> 0, and ag < 0.

otherwise; (2) aSC <0, aﬂsc

Proposition 7 shows the impacts of the production costs of green manufacturing (co),
market competition intensity (), and the market greenness sensitivity of green manu-
facturing (€) on consumers, the supply chain, and the government. Overall, increases
in the production costs of green manufacturing (cp) negatively affect consumer surplus,
total supply chain profits, and government performance, whereas increases in the market
greenness sensitivity of green manufacturing (e) positively affect them.
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The impact of market competition intensity () is more nuanced. For the supply chain,
higher market competition intensity (f) significantly reduces OEMs’ profits; although
CMs’ profits may increase in some cases, this gain is insufficient to offset the OEMs’
losses, leading to a net decline in total supply chain profits. Regarding consumer surplus,
when the production costs of green manufacturing (co) is relatively low, higher market
competition intensity () benefits consumers, whereas when the production costs of green
manufacturing (co) is sufficiently high, it harms consumers. This results from two opposing
effects of increased competition intensity: a reduction in sales quantity, which negatively
impacts consumers, and a potential increase in the green subsidy, which benefits consumers.
When the subsidy effect dominates, consumers may gain from higher competition intensity.
Nevertheless, this positive effect on consumer surplus is outweighed by the negative impact
on the supply chain, resulting in an overall decline in government performance as market
competition intensity (B) increases. This result highlights the possibility of an all-win
outcome through potential collaboration among consumers, supply chain members, and
the government, aimed at enhancing the market’s sensitivity to green manufacturing.

6. Numerical Study

In this section, to examine the impact of the production costs of green manufacturing
(co), market competition intensity (), and the market greenness sensitivity of green manu-
facturing (€) on consumers, the supply chain, and the government, we conduct numerical
studies, and the results are displayed in Figure 6a—i. Note that the parameters are set as
follows. For the cases of (a), (d), and (g), B = 0.5, k = 10, and € = 0.3; For the cases of (b),
(e), and (h), B = 0.5, k = 10, and ¢y = 0.8; For the cases of (¢), (f), and (i), e = 0.4, k = 10,
and ¢y = 0.3.

As shown in Figure 6a—c, the impacts of the production cost of green manufactur-
ing (cp), market competition intensity (), and the market greenness sensitivity of green
manufacturing (€) on the total profits of supply chain are mixed.

First, it is intuitive that the production cost of green manufacturing negatively and
the market greenness sensitivity of green manufacturing positively affect the total profits
of supply chain. However, in Figure 6a,b, if the production cost of green manufacturing
exceeds a certain threshold, its impact on the total profits of supply chain disappears.
Similarly, if the market greenness sensitivity of green manufacturing is below some thresh-
old, its impact on the total profits of supply chain disappears too. This is because these
thresholds determine the level of government subsidy. In both scenarios, the government
has to provide a higher subsidy to induce all OEMs to adopt green manufacturing. For
the total profits of supply chain, the increase in government subsidy offsets the decreases
stemming from increasing production cost of green manufacturing or decreasing market
greenness sensitivity of green manufacturing. As a result, the impacts of the production
cost of green manufacturing and the market greenness sensitivity of green manufacturing
on the total profits of the supply chain are neutral in this case.

Similarly, the impacts of the production cost of green manufacturing (cp) and the
market greenness sensitivity of green manufacturing (€) on consumer surplus are similar
to their influences on the total profits of supply chain, as shown in Figure 6d,e.

Second, since intensifying market competition intensity (8) will reduce the selling
quantity, it is straightforward to understand that enhancing the market competition inten-
sity may hurt the supply chain as well as consumers. However, interestingly, in Figure 6¢,f,
we also find that when the market competition intensity is too fierce, the impact of market
competition intensity (8) on the supply chain is negative but positive on consumers. Con-
sequently, its impact on the government would rely on the net effect of the two opposite
effects. And it turns out the negative effect is dominate in this case, as shown in Figure 6i.
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Figure 6. The impact of cy, €, and  on the total profits of supply chains, consumer surplus, and net
welfare gains of the government. (a) The impact of ¢y on the total profits of supply chains; (b) The
impact of € on the total profits of supply chains; (c) The impact of B on the total profits of supply
chains; (d) The impact of ¢y on consumer surplus; (e) The impact of € on consumer surplus; (f) The
impact of B on consumer surplus; (g) The impact of ¢y on the net welfare gains of the government;
(h) The impact of € on the net welfare gains of the government; (i) The impact of 3 on the net welfare
gains of the government. Note that the dotted and solid lines in each subfigure respectively indicate
the threshold and the equilibrium outcome for each case.

Finally, unlike the mixed impacts of the production cost of green manufacturing (c),
market competition intensity (), and the market greenness sensitivity of green manufactur-
ing (€) on the total profits of the supply chain and consumer surplus, their impacts on the
government are consistent: the impacts of the production cost of green manufacturing (co)
and market competition intensity () are negative and the impact of the market greenness
sensitivity of green manufacturing (€) is positive. Additionally, it is worth noting that
although these impacts display consistent trends, their change rates are different. When
all OEMs voluntarily adopt green manufacturing, the changes in the production cost of
green manufacturing, market competition intensity, and the market greenness sensitivity
of green manufacturing will result in more significant changes in the net welfare gains.

7. Discussions and Implications

In this section, we compare the main findings of this article with the related literature
and further reveal their managerial implications.

7.1. Comparison with the Related Literature

First, our research reveals that although there are cases where it is unnecessary for
the government to implement a green subsidy to allure manufacturers” adoption of green
manufacturing, the government is still a beneficiary if it launches a proper green subsidy.
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This is because a green subsidy would benefit consumers and supply chain members.
Given that consumers and supply chain members are better off, the performance of the
government will eventually be improved. This finding is in line with existing literature,
such as Orji et al. [30], Zaefarian et al. [31], and Heydari et al. [28], where the government’s
green subsidy can benefit the downstream participants.

Second, our research also demonstrates that when the government designs the optimal
green subsidy, it must account for the impacts of the production cost of green manufactur-
ing, market competition intensity, and the market’s sensitivity to green products. Extant
literature mainly explores how to optimal subsidy strategies in aspects of green innovation
cost and subsidy types [30]. Thus, our finding contributes to the research in this field
by providing new factors that need to be considered when designing a green subsidy.
Moreover, our finding also reveals the non-monotonic impacts of these new factors on the
design of the government’s green subsidy. Similar result also arise in the research of Li
et al. [30]. More specifically, the subsidy type in this paper is similar to the green product
subsidy in Li et al. [30], except for the green product subsidy is paid for the firm in our
model while it is paid for consumers in theirs. Furthermore, Li et al. [30] find that the
optimal government green product subsidy depends on factors such as green innovation
cost, production costs of green products, the environmental improvement effectiveness, and
consumers’ switching cost. Hence, our result complements their research by incorporating
the market competition intensity and the market’s sensitivity to green products when the
government considering green product subsidy.

Third, our research shows that intensifying market competition may not lead to an
all-win outcome for the related stakeholders while raising market sensitivity to green
products does. This finding implies that a possible supply chain coordination mechanism
is needed when the government intend to promote green manufacturing in practices.
There is a body of literature on green supply chain management that focuses on green
supply chain coordination. For example, both Wang et al. [2] and Ma et al. [39] reveal that
pareto improvements for supply chain participants can be realized via contract design.
Therefore, following the same spirit in this stream of literature, to promote sustainability
in the industrial sector, one can design a proper contract to compensate the supply chain
members when the competition is fierce in some industries.

7.2. Managerial Implications

For sustainable operations, this study has significant managerial implications. Our
results show that under certain circumstances, the government’s green subsidy is a key
factor in a fully green transition in manufacturing. Thus, this work builds a theoretical
foundation to understand how to bring sustainable development into reality. In particu-
lar, we underscore the critical role of the government’s interventions and show how the
green subsidy would affect the behaviors of original equipment manufacturers and both
traditional and green contract manufacturers. For practicers, understanding this impact
mechanism of green subsidy would further offer important management insights.

For policymakers who are aware of industrial production costs, when the production
costs of green manufacturing are relatively low, the green subsidy should be reduced
as the market competition intensity increases. This is because in this case, the market
conditions alone would allow manufacturers adopting green manufacturing, and thus, the
role of the green subsidy is not for attracting manufacturers to adopt green manufacturing,
but just for improve the consumer surplus and total profits of supply chain. However,
when the production costs of green manufacturing are relatively high, the green subsidy
should be magnified as the market competition intensity increases. Under this situation,
the green subsidy not only being used to improve the consumer surplus and total profits
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of supply chain, but also being used as an instrument to induce manufacturers to adopt
green manufacturing.

For manufacturers whose customers are shifting toward a green trend, since the
production cost of green manufacturing and government green subsidies are two crucial
factors in determining the decisions of green manufacturing, they should carefully assess
these factors and try to build first-mover advantages in advancing sustainable operations.
Moreover, they should also be aware that an all-win outcome is possible for supply chain
members. Thus, a collaboration in adopting green manufacturing is promising for upstream
and downstream firms to maximize collective gains from green manufacturing.

8. Concluding Remark

In response to the pressing environmental challenges caused by resource depletion,
greenhouse gas emissions, and ecological degradation, governments worldwide have
increasingly adopted subsidy policies to incentivize original equipment manufacturers
(OEMs) to transit toward green manufacturing. While existing studies have primarily
examined the impacts of such subsidies on manufacturers, their downstream firms, and
consumers, limited attention has been given to the effects on manufacturers’ interactions
with upstream contract manufacturers (CMs). To bridge this gap, this paper develops a
game-theoretical model to characterize how government green subsidies influence manu-
facturers’ adoption of green manufacturing and the resulting equilibrium outcomes.

8.1. Main Conclusions

The main conclusions are as follows:

First, the production cost of green manufacturing, the intensity of market competition,
and the market’s sensitivity to green products are three pivotal factors determining the effec-
tiveness of government subsidies in promoting green manufacturing adoption. Specifically,
when the production cost of green manufacturing is sufficiently low or when competi-
tion intensity or market sensitivity exceeds a certain threshold, government subsidies no
longer affect adoption decisions, as manufacturers voluntarily choose green production.
Otherwise, a minimum subsidy threshold is required for manufacturers to adopt green
manufacturing. Importantly, this threshold rises with the higher production cost of green
manufacturing and greater market competition intensity but declines with stronger market
sensitivity to green products.

Second, the impacts of the production cost of green manufacturing, the intensity
of market competition, and the market’s sensitivity to green products on the optimal
government subsidy are non-monotonic. Specifically, each of these factors exhibits a
critical threshold. When the production cost of green manufacturing, the intensity of
market competition, or the market’s sensitivity to green products falls below its respective
threshold, the optimal subsidy decreases with it; conversely, when it exceeds the threshold,
the optimal subsidy increases with it.

Third, increasing market sensitivity to green products tends to benefit all stakeholders,
whereas not all stakeholders benefit from intensifying market competition. In particu-
lar, stronger competition typically harms OEMs and reduces overall supply chain profits;
however, its impact on CMs and consumers depends on the production cost of green
manufacturing and may benefit them under certain conditions. By contrast, greater market
sensitivity to green products yields an all-win outcome, simultaneously benefiting con-
sumers, OEMs, and CMs and thereby indicating the potential for collaborative dynamics
among these stakeholders.
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8.2. Limitations and Future Research

Finally, this study is subject to several limitations that call for future research: First,
our model implicitly assumes homogeneous consumers, whereas real-world markets
often exhibit heterogeneity in preferences, costs, and competitive behaviors. Extending
the framework to incorporate such heterogeneity would provide more comprehensive
insights. In addition, as our results are derived under the assumptions of a linear demand
function and a convex cost structure, their robustness needs to be further examined by
considering alternative specifications of demand and cost functions in future research.
Second, for tractability, the analysis relies on a symmetric supply chain structure. Thus,
developing an asymmetric model setup would more accurately capture real-world supply
chain dynamics. Third, from the perspective of supply chain coordination, future research
could also investigate mechanisms to align the interests of supply chain participants under
government green subsidy policies.
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Appendix A

Table A1l. List of notations.

Symbol Description
pi The selling price for the producti € {1,2}.
qi The outsourcing quantity for the product i.

C:

j The CM;’s production cost, where j € {0,1,2}.

The market greenness sensitivity of green manufacturing.
The degree of product substitutability between the two supply chains.
The subsidy proportion for OEMs.
The per-unit subsidy for products produced through green processes.
The cost coefficient associated with subsidy provision.

i CMj’s unit manufacturing fee, where j € {0,1,2}.

I1g The net welfare gains to the government.

moenM,  The profit of OEM;.

TTeM, The profit of CM,;.

TTsc The profit of supply chain i.

CSs Consumer surplus.

SW Social welfare.

S e Y

S




Sustainability 2025, 17, 9028

24 of 27

Proof of Proposition 1.
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