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Abstract: This study investigates the competitive issues of the newsvendor problem with product
substitution under the carbon cap-and-trade system. Building on existing research, this paper
introduces the carbon cap-and-trade system under uncertain market demand and considers that
the original equipment manufacturer (OEM) can choose to procure raw materials from the contract
manufacturer (CM), with both final products being substitutable. Furthermore, we explore the
different substitution relationships between OEM and CM products under both pure competitive
and co-opetitive modes. For this problem, decision models are developed for various scenarios, and
optimal solutions satisfying given conditions are provided. We find that in one-way substitution,
under pure competition, an increase in the OEM’s (or CM’s) green investment and substitution
rate only leads to an increase in OEM’s (or CM’s) yields, while an increase in the OEM’s (or CM’s)
green investment does not necessarily reduce CM’s (or OEM’s) yields. In the co-opetitive mode,
an increase in the substitution rate and green investments of both manufacturers may lead to an
increase in the yields of both manufacturers. Furthermore, an increase in carbon trading prices does
not necessarily inhibit the manufacturer’s yields. Moreover, we find that under the same competition
mode, under certain conditions, two-way substitution between OEM and CM can bring better profits
to both manufacturers and the entire supply chain. When the two modes are in the same substitution
scenario, and the CM cannot substitute for the OEM, the optimal decisions and total supply chain
profits of the two modes are equal. Finally, through numerical analysis, we find that neither mode
is necessarily optimal when CM can substitute for OEM. Additionally, it is observed that when the
same mode is in different substitution scenarios, total supply chain profits may be enhanced in the
presence of product substitution.

Keywords: carbon cap-and-trade system; competition; product substitution; low-carbon supply chain

1. Introduction

With the increase in global greenhouse gas emissions, significant damage to the
global climate has been observed [1]. This damage is primarily caused by excessive
carbon emissions in industrial production processes [2,3]. Consequently, to effectively
reduce carbon dioxide emissions, many countries have signed the Kyoto Protocol and The
Paris Agreement, and have implemented various carbon emission reduction policies [1].
As carbon emission reduction policies are successively implemented, carbon-emitting
enterprises and their stakeholders are facing immense pressure to reduce emissions [4].

Carbon cap-and-trade systems are considered one of the most effective emission
reduction policies [2,5-7], and have been adopted by several countries, such as the European
Union Emission Trading Scheme (EU-ETS), the California Scheme and China Carbon
Emission Trade Exchange (CCETE) [8]. Under the carbon cap-and-trade system, at the
beginning of each period, emission-reducing enterprises are allocated a certain amount
of carbon allowances. During this period, if a company’s carbon emissions do not exceed
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its carbon allowance, it can sell the surplus allowances on the carbon trading market to
generate additional revenue. Similarly, if a company’s carbon emissions exceed its carbon
allowance, it can purchase allowances on the carbon trading market to fulfill its carbon
quota obligation [4,6,8]. As the carbon cap-and-trade system may bring additional revenue
to emission-reducing enterprises, their incentive to reduce emissions can be significantly
enhanced [6].

Although the carbon cap-and-trade system can effectively enhance companies’ enthu-
siasm for emission reduction, they still face threats from other risks during the emission
reduction process. Since all companies within the same industry are required to reduce emis-
sions, competitors of emission-reducing enterprises may offer similar or substitutable green
products [9]. This phenomenon can lead to significant financial risks for emission-reducing
enterprises that invest heavily but are unable to sell enough products [10]. However,
co-operation among emission-reducing enterprises is also possible. For example, China
Petrochemical Corporation is responsible for both oil extraction and refining, as well as
wholesale and retail of finished oil products. On the other hand, China National Aviation
Fuel Group Limited is only responsible for the procurement and sales of aviation fuel.
China Petrochemical Corporation is both a competitor and a supplier of China National
Aviation Fuel Group Limited. There is both competition and co-operation between the two
entities. Inspired by this example, we will explore how an original equipment manufacturer
(OEM) and a contract manufacturer (CM), two manufacturers under the carbon cap-and-
trade system, can respond to demand uncertainty through competition and co-operation to
achieve better supply chain performance.

Furthermore, during co-operation, both manufacturers sell substitutable products.
When one manufacturer experiences a shortage, customers will shift their purchases to the
other manufacturer. In other words, when the OEM (or CM) is unable to satisfy all of the
customers’ demands, there will be a fraction of unfulfilled demand that will be satisfied
by the CM (or OEM). If the OEM’s (or CM’s) customers shift their purchases to CM (or
OEM) because the OEM (or CM) is out of stock, the OEM (or CM) suffers a certain amount
of lost sales, while the CM (or OEM) can earn additional sales revenue. The degree of
product substitution is related to customer purchase loyalty [11]. Purchase loyalty can lead
to greater market demand but does not result in higher product prices [12]. In this study,
we adopt the same assumption as [11], namely that the degree of product substitution
is related to the level of customer purchase loyalty. When customers have low purchase
loyalty towards a manufacturer, their products are more easily substituted. When purchase
loyalty is at zero, one-way substitution occurs [11,13].

Currently, there is limited research on the competitive issues considering demand
uncertainty under the carbon cap-and-trade system. Given this context, we will investigate
the following questions. Firstly, how does product substitution affect the decisions of supply
chain members under the carbon cap-and-trade system? Secondly, what impact do carbon
trading prices and manufacturers’ green investments have on supply chain decisions?
Finally, under different substitution scenarios, which competitive mode selection can bring
better profits to the supply chain?

To address this issue, we first focus on the research of the purely competitive mode.
Under this mode, we construct a newsvendor model for OEM purchasing from a third-party
supplier in scenarios of no substitution, one-way substitution, and two-way substitution.
Then, for the co-opetitive mode, we construct a newsvendor model for OEM purchasing
from the CM in scenarios of no substitution, one-way substitution, and two-way substitu-
tion. Finally, we compare the optimal decisions and profits under both modes for the same
substitution scenario.

This study contributes to the research on the competitive issues of the newsvendor
problem considering product substitution under the carbon cap-and-trade system. Firstly,
by constructing a newsvendor model under different scenarios, we derive optimal de-
cisions satisfying given conditions for various situations. Next, we analyze the impact
of substitution rates, green investments, and carbon trading prices on optimal decisions
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under different scenarios. Finally, this paper explores how supply chain members under
the carbon cap-and-trade system can achieve better supply chain performance through
competition and co-operative. Based on these findings, we find that when CM’s products
cannot substitute for OEM’s products, the optimal decisions and total supply chain profits
are the same under both purely competitive and co-opetitive modes. However, when CM’s
products can substitute for OEM’s products, the co-opetitive mode may not necessarily
lead to better supply chain performance. Additionally, we find that an increase in carbon
trading prices does not necessarily suppress manufacturer’s yields.

The structure of this paper is as follows. Section 2 provides a literature review of
relevant studies. Section 3 defines variables and describes the models. Section 4 analyzes
the optimal decisions of the purely competitive mode under different substitution scenarios
and examines the impact of substitution rates, green investments, and carbon trading
prices on manufacturers’ optimal decisions. Section 5 analyzes the optimal decisions of
the co-opetitive mode under different substitution scenarios and investigates the impact
of substitution rates, green investments, and carbon trading prices on manufacturers’
optimal ordering decisions. Section 6 presents a numerical analysis. Section 7 summarizes
the conclusions.

2. Literature Review

With the increasing awareness of carbon emissions reduction worldwide, various
carbon emission reduction policies have been introduced. Among these policies, the carbon
cap-and-trade system, as one of the most effective carbon reduction measures [5,14], has
received extensive attention from scholars. Previous studies have indicated that changes in
carbon trading prices and carbon quotas can have significant impacts on emission reduc-
tion [2,6]. As research has progressed further, scholars have started integrating the carbon
cap-and-trade system with supply chain management. For instance, against the backdrop of
the carbon cap-and-trade system, scholars have investigated inventory management [15], fi-
nancing [15-17], joint replenishment [4,18], dual-channel sales [19], supply disruptions [20],
product configuration [21], green innovation [22], competition [4,17,23], supply chain co-
ordination [24], and supply chain design [25], among other issues. Additionally, there
have been studies comparing the effectiveness of different carbon reduction policies by
comparing the carbon cap-and-trade system with carbon tax policies [5,26-29]. However,
ref. [26] explored the influence of different carbon reduction policies on enterprise tech-
nology selection and capacity decisions. Ref. [5] analyzed the effects of carbon taxes and
carbon quota and trading policies on enterprise profits and emission reduction. Ref. [27]
compared the effects of the carbon cap-and-trade system and carbon tax policies on multi-
product production planning for enterprises. Ref. [28] compared the effects of the carbon
cap-and-trade system and carbon tax policies on trade credit. Ref. [29] compared the impact
of two policies on emissions reductions from electric commercial vehicles (ECVs).

In the actual operation of supply chains, competition between supply chains can also
threaten supply chain security. For instance, refs. [30,31] pointed out that manufactur-
ers may be concerned about remanufacturing eroding their sales, leading to significant
profit loss. Therefore, to address the security issues brought by competition, scholars have
conducted research on competition between retailers [32,33], manufacturers [11,34], manu-
facturers and retailers [32,35] and supply chains [36]. Particularly concerning horizontal
competition between manufacturers, researchers have employed various research methods
to address such issues, such as the Cournot model [31,35], Nash equilibrium [37,38], and
newsvendor model [11,39,40], among others. The difference lies in that the newsvendor
model further considers the uncertainty of market demand and takes into account the
substitutability of products between competing enterprises. When market demand is uncer-
tain, although the above literature similarly uses the newsvendor model, ref. [39] studied
the impact of sales commissions between two retailers on the optimal order quantity and
profit. On the other hand, ref. [11] considered the effects of co-opetitive between two
manufacturers under different substitution relationships.
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As carbon emission reduction becomes increasingly emphasized, refs. [14,37,41-47]
have further considered the issue of supply chain competition in a low-carbon environment.
The difference among these studies lies in that ref. [41] did not specifically introduce carbon
emission reduction policies while addressing the issue of interruptions combined with
competition. Although refs. [37,46,47] all discuss financing issues, ref. [37] explores the
impact of future carbon reduction policy stringency on green investment by competing
firms, while refs. [46,47] only examine optimal financing strategies. Similar to ref. [41],
refs. [37,46,47] also did not introduce specific carbon emission reduction policies. On
the other hand, ref. [14] introduced carbon quota and trading policies and compared the
profits and carbon emissions of supply chains under purely competitive and co-operative
modes. Anand and ref. [42] compared the impacts of Carbon cap-and-trade system and
carbon taxes on competition. Ref. [43] considered competition between multinational
manufacturers and local manufacturers under carbon lock-in conditions. However, the
aforementioned literature, due to its use of the Cournot model or Nash equilibrium, over-
looks the uncertainty of market demand or the impact of product substitution on supply
chain competition. In contrast to these studies, ref. [45] explores the factors influencing
firms’ green competitive advantage.

Unlike existing research, this paper considers the newsvendor competition problem
under various substitution scenarios within a carbon cap-and-trade system. First, the paper
explores the optimal decisions of two manufacturers under both purely competitive and
co-opetitive modes. Then, we characterize the competition between manufacturers through
different product substitution relationships and examine the impact of these relationships
on the competing manufacturers. Third, we address the competition issue under market
demand uncertainty by constructing a newsvendor model to analyze the problem. Finally,
we incorporate the carbon cap-and-trade system and analyze the impact of low-carbon
constraints on different scenarios to explore how the supply chain can achieve better
benefits under various substitution situations.

3. Model Description

We will consider the competition between an original equipment manufacturer (OEM)
and a contract manufacturer (CM) under the carbon cap-and-trade system. In this scenario,
the final products manufactured by both the OEM and CM are sold in the same market,
leading to a competitive relationship between them. Additionally, both the OEM and CM’s
final products generate carbon emissions, thereby subjecting both manufactures to carbon
emission constraints. Furthermore, the CM has the capability to produce the raw materials
required for the final products. Therefore, in this study, we will compare and analyze
two competition modes as follows:

(1) Purely competitive mode: In this mode, the OEM procures raw materials from
a third-party supplier (TS) for production and competes with the CM in the market for
final products.

(2) Co-opetitive mode: In this mode, the OEM procures raw materials from the CM
for production and competes with the CM in the market for final products.

At the beginning of the period, the enterprise acting as the supplier announces the
wholesale prices of raw material w. Subsequently, OEM and CM, respectively, undertake
their green investment k, and k., and determine their yields g, and g.. Simultaneously,
OEM orders raw materials from its supplier and pays wq, for the supplier. At the end of
the period, OEM and CM sell their respective final products at prices p and settle their
carbon allowances through the carbon cap-and-trade system. If customers are unable to
purchase products from OEM (or CM), they will attempt to purchase them from CM (or
OEM). The parameters of this study are presented in Table 1.
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Table 1. Parameters and definitions.
Parameter Definition Parameter Definition
c unit production cost of raw D the random demand of
materials ! manufactureri, i = o,c
unit selling price of the final carbon trading price
P product pe &P
. . the demand growth caused b
the yields of manufacturer i’s e de g sec by
qi . . J; the green investment of
final product, i = o, c .
manufacturer i, i = o,c
w wholesale price from supplier . the demand uncertainty of
] j,j=sc ! manufacturer i, i = o,¢
he proportion of .
mam:faecﬁnzprq’,sul?en?ainin manufacturer i’s actual
T ] & R; demand after substitution
demand allocated to .
A occurs, i = o,c¢
manufactureri,i # j,i,j = o,¢
. the initial emission level of
green investment of g
ki . e; manufacturer i’s final product,
manufactureri,i = o,c .
i=o,c
the emission reduction rate
E. carbon allowances of 0. per unit resulting from
! manufactureri, i = o,c ! manufacturer i’s green
investment,i = o,c
Subscript
s third-party supplier (TS) c contract manufacturer (CM)
0 original equipment
manufacturer (OEM)
Superscript
P purely competitive mode C co-opetitive mode

We assume that the random demand of manufacturer i is D; (i = o,¢) and is influ-
enced by its green investment. Therefore, the demand function is D; = 6;v/k; + ¢; [48],
in which J; represents the increase in demand per unit of green investment, and ¢; is a
non-negative random variable. Its distribution function and density function on [0, +o0)
are F(g;) and f(¢;), respectively. Let F(g;) = 1 — F(g;) be the reliability function of ¢;. The
increasing generalized failure rate of ¢; is g(¢;) = ¢;h(e;) [49], where h(e;) = f(e;)/F(g;) is
the failure rate. Both h(e;) and g(¢;) are monotonically increasing with ¢; [50]. We assume
that D, and D, are mutually independent and follow the same distribution [11]. We also
adhere to the product substitution assumptions outlined in [40], which relate the degree
of product substitution to the level of customer purchase loyalty. When customer loyalty
to a manufacturer is low, its products are more easily substituted. We assume that when
one party cannot meet all the demand, a certain proportion of the remaining demand
will be transferred to the competitor. When purchase loyalty is zero, one-way substitu-
tion will occur [13]. Therefore, when CM cannot satisfy its demand, the actual demand
R, for OEM is R, = D, + r,(D, — qc)+, where 7, is the proportion of CM’s remaining
demand allocated to OEM. Similarly, when OEM cannot satisfy its demand, the actual
demand R, for CM is r, is the proportion of OEM’s remaining demand allocated to CM.
Additionally, we assume that the production cost of raw materials is c. The procurement
cost of non-critical components and the production cost of final products are zero [11],
where ¢ + p(ec — 0ck;) < p. Furthermore, to simplify the problem, we assume that no
carbon emissions occur during the production process of raw materials. The wholesale
price w satisfies c < w < p — pe(eo — Ooko).
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4. Model Analysis of Purely Competitive Supply Chain

In this section, we first consider the scenario where OEM and CM are in a state of pure
competition. The supply chain structure of the purely competitive mode is illustrated in
Figure 1.

Demand D, - Demand D,

¥

c

Figure 1. Supply chain structure of the purely competitive mode.

At the beginning of the period, TS announces the wholesale price of raw materials ws.
Then, OEM and CM undertake their respective green investments k, and k., and determine
their yields g, and q.. Meanwhile, OEM orders raw materials from TS and pays TS wsqo.
After undertaking green investments, the unit carbon emissions of the final products of
OEM and CM, respectively, decrease to (e, — 6ok,) and (ec — 6.k.). At the end of the period,
the final products of OEM and CM are sold at prices p, and they, respectively, obtain carbon
trading revenues of p.[E, — (o — 0oko)qo] and pe[E. — (e — 0ckc)qc| through the carbon
cap-and-trade system. The sequence of events is illustrated in Figure 2.

TS determines OEM orders 4, from OEMs and CMs obtain carbon trading
wholesale TS and pays TS for revenues p,[E, —(e, —6 .k )q.]
prices w the goods w,q, andp,[E, — (e, - 6.k )q ], respectively

| | |
|

OEM and CM make decisions OEM and CM produce 4, and 4.,
about their own output g, andq,, respectively, and sell the products
respectively, and make green for revenue

investmentsk and k,

Figure 2. Sequence of events under purely competitive mode.

On this basis, we will analyze the purely competitive mode under different product
substitution scenarios.

4.1. Purely Competitive Mode: Non-Substitutable (0, 0)

When there is no substitutability between the final products of OEM and CM, it
satisfies 7, = r. = 0. Therefore, the actual demand for OEM and CM equals their respective
random demands, i.e., R, = D,, Rc = D,. In this case, the expected sales revenue for OEM
and CM at the end of the period are pE[min[D,, 4,]] and pE[min[D,, q.]], respectively.

The profit functions for TS, OEM and CM in this scenario are as follows:

nf = (ws —¢)qo 1)
nh = pE[min[D,, qo]] — wsqo + pe[Eo — (€0 — Boko)qo] — ko (2)

nf = pE[min[D, qc]] — cqe + pe[Ec — (ec — Ocke)qe] — ke ®3)
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Lemma 1. Under the (0, 0) scenario in the purely competitive mode, the optimal decisions for TS,
OEM and CM are satisfied by: (All proofs in Supplementary Materials)

o) = OO (g0 — R 4

P
wPO0) _

POO) _ p1(P =

i peleo =0kl 1 g/l

p
—c— — 0.k
R e R

From Lemma 1, we observe that under purely competitive mode, when there is no
substitution between the products of OEM and CM, the optimal order quantities for both are
independent of each other. Building upon Lemma 1, in Proposition 1, we provide the impact
of carbon trading price p, and the green investments k, and k. on the optimal decisions.

0,0 P(0,0
©0) 4na wo( )
. . . . . P . . T P(0,0)
increase with the increase in k,, while g, remains unchanged with variations in k,; (2) q.
; : - . . P(0,0 P(0,0 . . o
increases with the increase in k., while qo( ) and wo( ) remains unchanged with variations in k.;

(3) qi?(o,o)/ qf,)(o'o) and wf (00) decrease with the increase in pe.

Proposition 1. Under the (0, 0) scenario in the purely competitive mode, (1) qf
(0,0)

In Proposition 1, we observe that qf 00 and wy (00)

(0,0)

are unaffected by CM’s green

investment, while qf is unaffected by OEM’s green investment. This is because there
is no substitution relationship between the final products of OEM and CM. The growth
in green investment in one manufacturer does not affect the demand of the other man-
ufacturer. Additionally, the manufacturers’ green investment can increase the demand;
hence, the optimal production quantities of OEM and CM increase with their respective
green investments. For TS, an increase in OEM’s green investment leads to higher demand,
prompting TS to raise wholesale prices to enhance its revenue. However, the impact of
carbon trading prices on optimal decisions differs. With an increase in carbon trading prices,
OEM and CM reduce their production quantities to maximize carbon trading revenue. As
OEM’s production decreases, TS lowers wholesale prices to stimulate OEM to increase its
order quantity and ensure its revenue.

To simplify subsequent analyses, we assume that ¢; (i = o,c) follows a uniform
distribution from 0 to 1 [51]. Under this assumption, we employ backward induction, and
in Lemma 2, we provide the conditions for the optimal solutions of TS, OEM and CM.

Lemma 2. Under the (0, 0) scenario in the purely competitive mode, when ¢; (i = o, c) follows a
uniform distribution from 0 to 1, the optimal decisions for TS, OEM and CM are satisfied by:

wP(0,0) P(l + 50\/5) +c— Pe(eo - eako)

° 2
P00) _ P(1+00vko) — ¢ — pe(eo — 6oko)
qo = 5
4
00 =1 4 5 /ke — ¢+ pelec — Ocke)

p

4.2. Purely Competitive Mode: OEM Substitutable for CM (r, 0)

When OEM products partially substitute for CM products, we have r, = r # 0 and
r¢ = 0. In this case, the actual demand for OEM is R, = D, + r(D, — g.)*, while the actual
demand for CM is equal to its random demand, i.e., R; = D.. Consequently, the expected
sales revenue for OEM and CM at the end of the period are pE[min|[D, + r(D; — 4¢) ™, go)
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and pE[min[D, 4.]], respectively. In this scenario, the profit functions for TS, OEM and CM
are as follows:

i = (ws = ¢)qo (4)

7l = pE[min[Dy + (Dc — q¢) ™, 90] — wsqo + pe[Eo — (€0 — Ooko)qo) — ko (5)

ni; = pE[min[D, qe]] — eqe + pe[Ec — (ec — Ocke)qc] — ke (6)

Next, we denote L = ggz and provide the conditions satisfied by the optimal solutions

of TS, OEM and CM in Lemma 3.

Lemma 3. In the case of (v, 0) under purely competitive mode,
(1) Under any conditions, qf(r’o) =146k — W;
(2) When e, — 6ok, < My,
qP(r,O) 14 50\/E + V[C + Pe(ec - gckc)}z ¢ Pe(eo - Goko)

? 2 4p? 2p 2p

wF 0 — p(1+d0vko) + rlc + pelec — 0ckc)]? ¢ _ pe(eo — boko)
s 2 4p 2 2

(3) When My < ey — ko < My, wf(r’o) satisfies L(wf(r’o)) =0, and qs(r’o) satifies

7" = \/ 21—

c+ pe(ec - eckc)

2 P(r,0) _ 3
| - Pl k) g g S Pl m )y
p p P
(4) When ¢ — 6ok > Mo, gy U0 = §5 /Ko, wE T = p = peeo — Boko)-
where M; = % 7[C+pg(ze;;95kc)] _ % _ 27[C+P8(;c*9ckc)] +1-— 50\/5}, M, = i[(P . C)(l _

50\/E) + 50\/Epe(ec - Gckc)]-

Next, we first compare the optimal solutions for the (r, 0) and (0, 0) scenarios in the
purely competitive mode in Proposition 2.

Proposition 2. Comparing the (r, 0) and (0, 0) scenarios in the purely competitive mode, we obtain:

(1) Under any conditions, qf(r’o) = qf(O’O), nf (r0) _ nf (00) ;

(3) When e, — 6.k, > Mp, qg(r,O) < qf(o,o), WP < ,POO),

From Proposition 2, we observe that in the (r, 0) scenario, the optimal production
quantity and profit of CM are the same as in the (0, 0) scenario. This is because CM’s
products cannot substitute for OEM’s products, leading to no additional demand. Therefore,
CM'’s decision-making process does not need to consider the influence of OEM. For OEM
and TS, the optimal decisions in this scenario are influenced by the unit carbon emissions of
OEM’s products. When the carbon emissions of OEM’s products are low (e, — 8.k, < M),
compared to qg 00 and wf(o,o)/ both the production quantity of OEM and the wholesale
price of TS will increase. This is because some demand that CM cannot fulfill will shift to
OEM'’s market. Additionally, the increase in sales revenue due to increased production
compensates for the loss of carbon trading revenue. In this case, raising the wholesale price
by TS will not significantly reduce the ordering quantity of OEM; instead, it can bring more
revenue. However, when the unit carbon emissions of OEM’s products are sufficiently
high (e, — 6oko > Mjy), OEM will produce at the minimum quantity to maximize profit.
Similarly, TS will set the wholesale price at the maximum to ensure its profit.

Proposition 3. In the (r, 0) scenario under purely competitive mode,
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P(r,0)

(1) Under any conditions, q, remains constant regardless of the change in r;
(2) When e, — 0ok, < My, q,l;(r’ ) and wp(r 0)
(3) When My < e, — 6k, < My, qo P(r0) increases wzth the mcrease in t; if rq, P(r, O)(

W) > [r(1-— W) rO) —dovko)?, PO increases with the increase

increase with the increase in r;

nr;

(4) When e, — 0k, > My, qg(r,o) and wf(r,o)

remain constant regardless of the change in r.

From Proposition 3, we observe that regardless of how the substitution rate r changes,
the optimal production quantity for CM remains constant. This is because in this scenario,
CM'’s actual demand equals its stochastic demand, and CM cannot substitute for the excess
demand of OEM. Therefore, when making decisions, CM does not need to consider the
influence of the substitution rate r. However, for OEM and TS, when the carbon emission
per unit of OEM’s product is sufficiently low (e, — 8ok, < M), the cost per unit for OEM
is low, and increasing its production can lead to greater profits. Since the cost per unit
for OEM is low, raising the wholesale price by TS not only does not result in a significant
reduction in OEM’s production but rather brings more profits to TS. But when the carbon
emission per unit of OEM’s product is sufficiently high (e, — 6,k, > M), the cost per unit
for OEM is correspondingly high. To ensure its profit, OEM will always produce at the
minimum quantity. For TS to ensure its profit, it will always set the wholesale price at the
maximum. When the carbon emission per unit of OEM’s product is at an intermediate
level (M < e, — 6ok, < M), there is still some profit margin for OEM, and increasing its
production can yield greater returns. However, in this scenario, the wholesale price set by
TS no longer monotonically changes with the substitution rate, as it is influenced by the
carbon emission per unit of OEM and CM’s products, as well as the carbon trading price.

Proposition 4. In the (v, 0) scenario under purely competitive mode,

(1) Under any conditions, q, PeO) vemains constant regardless of the change in k. and decreases
with the increase in p,, and remains unchanged with the variation in k,;

(2) When e, — 6,k, < My, qf (r0) and wf(r’o) increase with the increase in k, and decreases
with the increase in ke; if pe > ec—leckc [% —c], qg(r,O) and wf(r,O)
in pe;

(3) When M; < e, — 0oky < Mp, qf(" ) and wg increase with the increase in k, and

T N e, il s e GO
—60vEo) (ec—bcke) 25 ") =, Rgrrr{1— hpelee teke) 71O

(@2 —5,vK)

increase with the increase in ky; if ke > Pldo "~ —dovko)
0 f ¢ 50\/’6”!’6%

[1_ c+pg(e;—95kg) ] {r[l— c+pg(e;—ﬂckc) ]_50\/];}

)75 N C+r’e(€’ca*9ckC)]

increase with the increase

P(r,0)

decreases with the increase in k¢; if ™

P(r,0)

increase with the increase in pe; Wy

p—c— peec wi’(rro)
e

ool increase with the increase in k.; if

21e0—0ok (r0)
Flo=gre - (qo —dov'ky)), w! " increase with the increase in Pe;

(4) When e, — 8k, > My, qo( )zncreases with the increase in k, and remains unchanged
P(r,0)

with changes in k¢ and p,; ws increase with the increase in k,, decreases with the increase in pe,
and remains unchanged with changes in k.

From Proposition 4, we can see that the impact of carbon trading price p, and the
green investment of both manufactures, k, and k., on the optimal yields of CM is the same
as in the case of a purely competitive mode (0, 0). This is because in this scenario, the actual
demand of CM is equal to its stochastic demand. Additionally, the effect of OEM’s green
investment k, on qf(r’o) and wf(r’o) is also similar to the purely competitive scenario (0, 0).
This is because OEM’s green investment k, brings an increase in demand. Furthermore, an
increase in OEM’s green investment brings more demand to TS. To increase its revenue, TS
raises the wholesale price. When OEM’s carbon emissions are low enough (e, — 6,k, < M),
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increasing CM’s green investment k. can increase its yields, reducing the excess demand
that cannot be satisfied. Consequently, OEM’s optimal yields decrease. Additionally,
because OEM’s carbon emissions are low in this scenario, when carbon trading prices are
low, OEM’s carbon trading revenue will be severely affected. To obtain more carbon trading
revenue, OEM will also reduce its yields. Due to the decrease in OEM’s yields, TS will lower
the wholesale price to ensure its profit. When OEM'’s carbon emissions are correspondingly
high (e, — 6ok, > My), the cost per unit of OEM’s product is high. Therefore, to ensure its
profit, OEM produces at the minimum yields, and TS charges the highest wholesale price.
When OEM'’s carbon emissions satisfy M; < ¢, — 0k, < My, the impact of carbon trading
price p. on qg ) and wf(r’o) is enough complex due to the influence of other parameters.
This phenomenon indicates that for the manufacturer constrained by emission reduction,
an increase in carbon trading price does not necessarily suppress his production capacity.

4.3. Purely Competitive Mode: CM Substitutable for OEM (0, r)

When CM products partially substitute for OEM products, it satisfies r. =  # 0 and
1o = 0. In this case, the actual demand for OEM equals its random demand, i.e., R, = D,.
Meanwhile, CM'’s actual demand is represented by R, = D, + r(D, — g,) . Consequently,
the expected sales revenue for OEM and CM at the end of the period are pE[min[D,, ,]]
and pE[min[D; + r(D, — qo) ™", gc|, respectively. The profit functions for TS, OEM and CM
under this scenario are as follows:

il = (ws — c)go )
7y = pE[min[Dy, go]] — wsqo + pe[Eo — (€0 — Ooko)go] — ko 8)
ﬂf = PE[min[Dc + r(DO - 170)+/ QC] —cqc + pe[Ec - (ec - eckc)lh] — ke (9)

Lemma 4. In the case of (0, r) under purely competitive mode,
(1) Under any conditions,

qP(O,r) i P(l + 50\/5) —C— Pe(eo - Goko)

0 =

2p
wP(O,r) o P(l + (so\/kio> +c— Pe(eo - Goko)
S =
2

(2) When e — 0:k. < Hj,

PO — rlp(1 + %0 vko) ‘;; + Pe(€o = Ooko)] 14 6/ke — \/2”[0“‘ PE(;C — Ocke)]

(3) When Hy < e, — 0cke. < Hp,

7O Z 14 5 /ke — Hi’e@;—"c"c) n g[P(l +d0vko) +2f;+ Pe(eo = Boko) 1>

(4) When e — 6.k, > Hp,

2
O = W[p(l O] = e peleo Z W)y gy - P Oy o (- 60/Re) — = pees k)

rlp(1400VFo) +etpeleo—b0oko)” ¢
8pep , pe’

(1 — T)ﬂ + r[p(1+‘50\/g)+c+l’7@(eu—Gnko)] _c
Pe 8pep pe*

where Hy = Hy = 55-[p(1 = dovko) — ¢ — pe(eo — Boko)] +
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Proposition 5. Comparing the optimal decisions under purely competitive for the (0, r) and

(0, 0) scenarios, we obtain: (1) Under any conditions, qf(o’r) = qf (0’0), wf(o/’) = wf(o’o),
O = 1y O 700 = POV 2) When e — 6cke < Ha, gt ™ > gt otherwise,
P(0,r) P(0,0)
dc <{c .

From Proposition 5, we observe that the optimal decisions and profits of OEM and
TS in this scenario are the same as those in the purely competitive mode under the (0, 0)
scenario. This is because OEM'’s products cannot substitute for CM’s products, resulting in
no additional demand. Therefore, OEM and TS do not need to consider the influence of
CM when making decisions. However, CM’s decision is no longer uniform. Similar to the
decision-making process of OEM in the purely competitive mode under the (r, 0) scenario,
CM needs to consider the carbon emissions of its products in this scenario. When the carbon
emissions per unit of CM’s product satisfy e — 6.k < Hp, CM’s order quantity will accept
some of OEM’s excess demand. In this case, CM’s optimal production quantity will exceed
the optimal production quantity under the (0, 0) scenario in the purely competitive mode.
However, when the carbon emissions per unit of CM’s product satisfy e. — 8:kc > H»,
the cost of CM’s unit product becomes sufficiently high. In this case, CM will no longer
accept some of OEM’s excess demand. To ensure its profit, CM’s production quantity will
be smaller than the optimal production quantity under the (0, 0) scenario in the purely
competitive mode.

o . P(0,r) P(0,r)
Proposition 6. In the purely competitive mode under the (r, 0) scenario, aq“ar =0, 8wgr =0,
30"
or
iy . i P(0,r) P(0,r) .
Proposition 6 illustrates that under any conditions, g, *’ and w; are not influenced

by the substitution rate r. Since OEM’s actual demand equals its random demand, and only
part of the excess demand from OEM is substituted by CM, OEM and TS do not need to
consider this factor in their decision-making. As for CM, according to Proposition 5, when
CM'’s product carbon emissions are sufficiently high (e; — 6:kc > Hj), its optimal yields
qf(o'r) will be less than qf(o’o). Therefore, as CM’s unit product carbon emissions increase,
its optimal yields may decrease. For instance, when e, — 6.k > Hp, CM’s optimal yields
are less than in the other two stages. However, within each stage, its optimal yields increase
with the substitution rate r. This is because CM produces its raw materials and does not
need to order from another supplier, and its unit production cost remains constant. Thus,
regardless of how much CM’s unit product carbon emissions increase, there will always
be a certain profit margin per unit product. Additionally, an increase in the substitution
rate r can bring more demand to CM. Therefore, CM’s optimal yields increase with the
increase in the substitution rate r. This phenomenon illustrates that when a manufacturer
can independently produce raw materials, the higher the substitution rate of its products
with those of competitors, the higher its optimal yields will be.

Proposition 7. In the purely competitive mode under the (r, 0) scenario,

. Py qP(O,r) awP(O,r) aqP(O,r) awp(o,r) aqp(o,r) »
(1) Under azz fondztzons, Sko > 0, o 0, 5;7@ <0, Bsp@ <0, 57kc > 0;if
poo \2 e )
ko < (nggo) T >0
: 2p(ec—bcke) c 3. ") .
(2) When e — 0k, < Hy, if pe > = Ok 5pe > 0;

r(eo—0oko) ap >0;

2
(4) When e. — 0:k. > Hp, Zf Pe[(eo - Goko) - (ec - Gckc)] > % - Péo\/E/

. 1 2(3579.7](5) aqf(on
(3) When Hy < ec —Ocke < Ha, if pe > g [ pry — P(1+80vko) — ], Zs-
)

aqf(ﬂ,r)

9pe >0
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Proposition 7 indicates that qg ) and w) (00) are unaffected by CM’s green invest-
ment. This is because OEM’s products cannot substitute for CM’s products. However,
manufacturer’s green investments can lead to an increase in demand, thus causing optimal
production quantities for both OEM and CM to increase with their respective green invest-
ments. Regarding TS, an increase in OEM’s green investment results in greater demand.
To enhance revenue, TS raises wholesale prices. As carbon trading prices increase, OEM
and CM reduce their production to maximize carbon trading revenue. With a decrease in
OEM'’s production, TS lowers wholesale prices to stimulate increased ordering by OEM and
maintain revenue. In addition, for CM, regardless of its carbon emissions stage, the optimal
yields of CM increase with an increase in k, only when OEM’s green investment is relatively
low. This is because when OEM’s green investment is low, it fails to satisfy the excess
demand. CM will increase its yields to satisfy a greater substitutable demand. Furthermore,
when the carbon emissions per unit product of CM are low (e, — 0.k. < H3), a low carbon
trading price will harm CM’s carbon trading revenue. CM will reduce production to obtain
more carbon trading revenue. When the carbon emissions per unit product of CM are
sufficiently high (e; — 6ck. > H>), the impact of carbon trading price on CM’s yields need
to be evaluated in conjunction with the carbon emissions per unit product of both CM
and OEM.

4.4. Purely Competitive Mode: CM and OEM Symmetrically Substitutable (v, r)

When CM and OEM products can be symmetrically substituted, we have
tc =1, = r # 0. In this scenario, the actual demands for OEM and CM are, respectively,
Ry = Do+ r(De —gc)" and R, = D¢ +r(D, — o). In the end, the expected sales rev-
enue for OEM and CM are pE[min[D, +7(D. — qc) ", go] and pE[min[D. + 7(Do — q0) ", gc|,
respectively. In this case, the profit functions for TS, OEM, and CM are as follows:

ml = (ws — €)qo (10)
7l = pE[min[D, + (D¢ — 4c) ", go] — Wsqo + pe[Eo — (€0 — Boko)qo] — ko (11)

nf = pEmin[Dc + (Do — qo) ", 4c] — cqc + pe[Ec — (ec — Ocke)qe] — ke (12)

Due to the complexity of solving this scenario, to simplify the problem, we will con-
sider the special case of r = 1, where there is complete product substitution between OEM
and CM. In this case, market demand that OEM (or CM) cannot meet will be completely
transferred to CM (or OEM). This situation also exists in reality. We provide the conditions
for the optimal solutions of TS, OEM, and CM in Lemma 5.

Lemma 5. In the scenario of a purely competitive mode under (1, 1) conditions,

S e\to™— DkO e\tc— CkC P 1!1 e\tc— CkC s
(1) Whe}’l Ws+p (; 0 ) S %[C"’_p (ep 6 )]2/ I]c( ) =1 + 5C\/E _ %/ the Optl_
mal wholesale price satisfies L(wf(l’l)) = 0, and optimal yield for OEM satisfies:

gt =14 5,\/k, + et Pe(eico —Ocke) \/2[3"5(1'1) + F;e(eo — 6ok, )]

e CieCkC S e 0790k0 2 e CiGCkC s
(2) When 3[<2 (EP )}2 < Ws+p (; ) < e+p (; )l if
ge — Ocvke + w > 1, the optimal wholesale price satisfies L(wf(l’l) ) = 0, and the op-

timal yields, respectively, satisfy:

. P(1,1) .
8[1 +5C\/Ef qf(l/l) _ c+ pe(ec gckc)] _ 7{2[w5 + pe(eo Goko)] . [1 . (qf(l,l) o 56\/5)]2}2

p p



Systems 2024, 12, 201 13 of 32

P(1,1)

8[1+50\/E_q5(1,1) W +p;(eg—90k0)] _ _{Z[C-I—Pg(i:—@ckc)] _h-(g p(“ s, \/»
Ctpe(ec—0cke Ws+pe(eo—boko 2[c+pe(ec—0cke
(3) When J[epeletddp o tplonl) o w

if gc — 6cvVke + w < 1, the optimal wholesale price satisfies L(wf(l’l)) = 0, and the
optimal yields, respectively, satisfy:

5C\/> p o pe(ec Ocke ) \/ P(L1) — 6 \/7 +2 5(1,1) + pe(eo — Goko)]

2 k) P
P(11) _ . P(L1) _ _ 2 —
o . Sovko LPows - pe(eo — oko) \/(qg(m) —oo/Ra) 421 — ¢+ pelec 9ckc)]
P — 50\/6) P
(4) When Dotpelemtolol 5 JUotple ORIy g,/ 4 Pelozblolte > g,
‘75(1’1) =2+ 6cvke 2[C+pe(?79d{c ’ ‘75(1 1 = = dovko, wf(l’l) = p — peleo — boko);

(5) Whep “eteleo=tolo) >, JActpelec—bdel] ey, /e, 4 eleo=tolo) e o q,

%Mt4+@¢m—¢”+mﬁ*&“”+;wu+%¢amw+m@_%mn

1
5 = S (14 00 Ro) — e = puler — 0ok

1
wf M = 21p(1+ 80v/ko) + € = peleo — boko)

Through Lemma 5, we find that when r = 1, the problem of (z, r) in purely competitive
mode can be simplified into five cases. However, the optimal solution in the (1, 1 ) scenario

wWs+pe(eo—0ok,) > 2[c+pe(ec—0cke)] Therefore
P ’ 4

ceases to be an implicit function only when >

building upon Lemma 5, we present in Proposition 8 a comparison of certain (1, 1) scenarios
and the (0, 0) optimal solution under the purely competitive mode.

Proposition 8. Comparing the optimal decisions in the (1, 1) and (0, 0) scenarios under the purely
competitive mode, we obtain:

(1) When w > W/Mp”_e”k”)] and So/ko + W > 1 are satisfied,

P(1,1) P(0,0) P(1,1) P(O_,O) ! P(1,1) > ! (oo)

qc > fc 9o <4,
(2) When w > MI;MC)] and So\/ko + W < 1 are satisfied,

90k0>X/q( )>q (0,0)

P(11) _ P(00) _P(11) _
o ={o ; Wg ws lfeo
where x = i[\/8p[c + pe(ec — Ocke)] — 2pe(ec — Ocke) — p(1+ do \/T)) —3¢].

When &+ "(‘;"79"1(”) >, /2ep "(iffgckcﬂ is satisfied, it indicates that the profit per unit

of OEM products is less than that of CM products. If 5,v/k, + W > 1is satisfied,
then the carbon emissions per unit of OEM products are relatively high, further reducing
the profit margin of OEM products. To ensure its own profit, the OEM will produce at
the minimum quantity, while TS sets the wholesale price to the maximum. Since the
unmet demand by the OEM will be entirely transferred to the CM, the optimal production
quantity for the CM increases. If 5,v/k, + peleo—foko) e
emissions per unit of OEM products are relatively low, giving OEM products some profit
margin. However, since the profit per unit of OEM products is still less than that of CM

< 1 is satisfied, then the carbon
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products, the OEM will not produce excessively to completely substitute for the OEM’s
products. To ensure its own profit, the OEM will produce at the (0, 0) level, leading TS to
also adopt the wholesale price under the (0, 0) condition. For CM, its production quantity
will only increase when the carbon emissions per unit of OEM products are high, as the
increased carbon emissions make CM’s complete substitution of OEM’s demand more
likely. The results of Proposition 8 indicate that when the products of two manufacturers
are completely substitutable, the optimal decisions of all members are not necessarily worse
than the optimal decisions when no substitution exists.

Proposition 9. In the scenario of a purely competitive mode under (1, 1) conditions,
(1) When %"79"]{”) < %[M]z, wr VY increases with the increase in both k,

- P
and p,, while decreasing with the increase in k¢; q,l,) (L1

0cke 2\/2]7 wS +pg eo—0oko)]  P(1,1) .

increases with the increase in k, and

. . . ip eom
decreases with the increase in k; if ok > i )+pe<go e 9o increases with the
. ) P(1,1) . . . . . .

increase in p,; qc( ) increases with the increase in k. and decreases with the increase in p,,

remaining unchanged with the variation in k,;

(2) When w5+pe(;0790k0) > /2[c+pe( ec Ocke)] 1f5o\/7+ pe(eofiok(,)Jrc <1, qf(l,l) and

P(1,1) . . . . . . . .

W Y) increases with the increase in both ko and decreases with the increase in p,, remaining
. C P(1,1) . . . . .

unchanged with the variation in k; qc( ) increases with the increase in k¢; if ko < (Z,F;fgo )2,

qf(l’l) increases with the increase in ko; if pe > 2 r; PR —or lh( Y increases with the
€o—boKo e

increase in pe;
(3) When wsJFPE(;o*GokU) > /2[C+Pe(f;c*9€kc lféom_l_ Pe(eo— 2uko)+f > 1, (1 1) in-
creases with the increase in both k, and decreases with the increase in p., remaining unchanged

PAY) increases with the increase in both ko, remaining unchanged with
the variation in k. and pe; qf(l’l) increases with the increase in k. and decreases with the increase

in pe, remaining unchanged with the variation in k,.

with the variation in ke; g,

From Proposition 9, we observe that an increase in manufacturer’s green investments
leads to an increase in their yields. This is because manufacturer’s green investments can
bring about an increase in demand. Additionally, the increase in OEM green investments
promotes TS to raise wholesale prices. This is because the increase in OEM green invest-
ments brings more demand to TS. To enhance their profits, TS raises wholesale prices.

However, the impact of manufacturers’ green investments on competitors varies with the
wWs+pe(eo—0oko) <1 [c+pe(ecfe,_~kc) ]2
2

situation. When

, an increase in CM’s green investments
increases its yields, satisfying more demand. Conversely, OEM’s demand decreases, re-
sulting in a reduction in its production. To ensure its profit, TS lowers wholesale prices to
encourage OEMs to increase production. Furthermore, since OEM’s yields are large enough,
there is no excess demand. Therefore, CM'’s production remains unchanged and does not
vary with k. Whenw > M and ,v/ko + W <1,CM’s
yields are large enough, and there is no excess demand. Therefore, the optimal decisions of
OEM and TS do not vary with k.. However, only when OEM’s green investment is low do
CM'’s optimal yields increase with the increase of k,. This is because when OEM’s green
investment is low, there is more excess demand. Thus, CM increases yields to satisfy larger
substitution demand. When 6,v/k, + W > 1, OEM’s unit production cost is high,
so it will produce at the minimum level. At this time, CM increases yields to fully satisfy
OEM'’s uncertain demand. Therefore, the yields of CM (or OEM) only increase with the
increase in CM (or OEM) green investments.

Furthermore, we find that an increase in carbon trading prices always leads to a
decrease in wholesale prices. This is because the increase in carbon trading prices increases
the unit production cost of OEM products. To prevent significant yield cuts by the OEM, TS
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lowers wholesale prices. Additionally, when the manufacturer’s yields are sufficiently large,
the increase in carbon trading prices significantly raises the cost of products, leading to a
reduction in their yields. However, if yields are not sufficient, an increase in carbon trading
prices can promote an increase in yields under specific circumstances. This phenomenon
also illustrates that an increase in carbon trading prices does not necessarily suppress the
yields of manufacturing enterprises.

5. Model Analysis of Co-Opetitive Supply Chain

In this section, we consider the scenario where OEM and CM are in a co-opetitive
relationship. In this scenario, CM will become a supplier to OEM and compete with OEM
in the final market. The supply chain structure under co-opetitive mode is illustrated in
Figure 3.

| CcM
ws
| OFM | q.
q,
| Demand D, TE Demand D,
T

Figure 3. Supply chain structure under co-opetitive mode.

At the beginning of the period, CM announces the wholesale price of raw materials,
denoted as w.. Then, OEM and CM, respectively, conduct their green investments, k, and
k., and determine their yields g, and g.. Meanwhile, OEM orders raw materials from CM
and pays w.q, for CM. After the green investments, the unit carbon emissions of the final
products of OEM and CM decrease to (e, — 6,ko) and (e — 6.k ), respectively. At the end
of the period, the final products of OEM and CM are sold at price p, and they, respectively,
obtain carbon trading profits of p.[E, — (eo — 0oko)qo| and pe[Ec — (ec — 0ckc)qc| through
carbon cap-and-trade system. The sequence of events is illustrated in Figure 4.

CM determines OEM orders 4, from OEMs and CMs obtain carbon trading
wholesale CM and pays CM for revenues p [E, —(e,—6 k )q,]
prices w the goods w,q, andp,[E. — (e, — 6k )q_.], respectively

| | |
|

OEM and CM make decisions OEM and CM produce 4, and ¢,
about their own output 4, andq,, respectively, and sell the products
respectively, and make green for revenue

investmentsk_and k,

Figure 4. Sequence of events in the co-opetitive mode.

On this basis, we will analyze the co-opetitive mode under different product substitu-
tion scenarios.

5.1. Co-Opetitive Mode: Non-substitutable (0, 0)

First, we consider the scenario where there is no substitutability between the final
products of OEM and CM. In this case, the profit functions of OEM and CM are, respectively,
given by:

7§ = pE[min[Dy, 4o]] — wedo + pe[Eo — (€0 — Ooko)qo] — ko (13)

n& = pE[min[De, qc]] — cqc + pelEc — (ec — Ocke)qe] — ke + (we — )0 (14)
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We solve this problem using backward induction and in Proposition 9, comparing it
with the optimal solution of the (0, 0) scenario under a purely competitive mode.

Proposition 10. In the (0, 0) scenario, wcc(o’o) = wf(o’o) , qCC(O’O) = qf (0’0), qf“’m = qf(o’o)

ﬂg(OrO) — 715(0’0), HCC(O/O) — ni’(OrO) + nf(o’o).

7

Proposition 10 reveals that in the (0, 0) scenario, whether in a purely competitive or
co-opetitive mode, the optimal solutions and OEM’s optimal profit remain unchanged.
Despite CM assuming the role of supplier, OEM and CM operate independently of each
other, so decisions made by one manufacture do not influence the other. Therefore, the
optimal solutions remain constant in both scenarios. Since the optimal yields for OEM
remain unchanged, OEM’s profit remains unaffected. In the co-opetitive mode, where CM
acts as the supplier to OEM, CM’s optimal profit equals the sum of CM’s profit with TS in
the purely competitive mode.

5.2. Co-Opetitive Mode: OEM Substitutable for CM (r, 0)

When OEM products partially substitute for CM products, the profit functions for
OEM and CM, respectively, are:

7ToC = pE[min[D, + r(D¢ — ‘76)+r%] — WeGo + Pe[Eo — (€0 — Boko)qo] — ko (15)

1< = pE[min[De, qc]] — cqc + pelEc — (ec — Ocke)qe] — ke + (we — ¢)qo (16)

In Proposition 11, we demonstrate a comparison between this optimal solution and
the optimal solution for the (1, 0) scenario under a purely competitive mode.

Proposition 11. In the (r, 0) scenario, wcc(r,o) = w’ (r0) qCC(r,O) = qf (r0) qg(r,o) = qf (r0)
C(r0) _ _P(r0) _C(r0) _ _P(r0) P(r,0)
T, =7, ", 1, =g e

Similar to Proposition 10, Proposition 11 also indicates that in the (1, 0) scenario, both
under purely competitive and co-opetitive modes, the optimal solution and the optimal
profit for OEM remain unchanged. This is because in the co-opetitive mode, CM’s products
cannot substitute for OEM’s products, so yields and wholesale price decisions remain
independent of each other. Additionally, in the co-opetitive mode, when OEM makes
optimal ordering quantity decisions, it only needs to consider the overflow of CM demand.
Therefore, in the (r, 0) scenario, both modes exhibit the same optimal decisions. Since
OEM'’s optimal production quantity remains unchanged, its profit remains unaffected.
Furthermore, in the co-opetitive mode, where CM acts as a supplier to OEM, CM’s opti-
mal profit will be equal to the sum of CM’s profit under purely competitive modes and
TS’s profit.

Corollary 1. When CM cannot substitute for OEM, the total profit and carbon emissions in the
supply chain are the same under both co-opetitive and purely competitive modes.

Corollary 1 indicates that when CM’s products cannot substitute for OEM’s products,
collaborating with CM or not will not affect the overall performance of the supply chain.
Moreover, in this scenario, both modes have an equal impact on carbon emission reduction.

5.3. Co-Opetitive Mode: CM Substitutable for OEM (0, r)

When CM'’s products partially substitute for OEM’s products, the profit functions for
OEM and CM, respectively, are:

s = pE[min[Dy, 4o]] — wsqo + pe[Eo — (€0 — Ooko)qo] — ko (17)
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ng = pE[min[D; + 7(Dy — g0) ", gc] — cqc + pe[Ec — (ec — Ocke)ge] — ke + (we — ¢)qo (18)

We define G = g;ff , and provide the conditions for the optimal solutions of OEM and
CM in Lemma 6.

Lemma 6. In the case of (0, r) in the co-opetitive mode,

(1) When ec — Ock, + L& JHEPL®IL < g ife, — ook > v,

corn _ (1=7)[p(1+60vko) — c] +rpe(ec — Ocke) — pe(eo — Ooko)

o 7 p—r)
%C(O'r) 14kt rlp(1+60vko) + (1 —1)c — rpe(ec — Bcke) + peleo — Ooko)] [ 2r[c + pelec — bcke)]
p2—r) p
€O _ p(1+80vko) + (1 = r)c = (1 = 1) pe(eo — oko) — rpe(ec — Ocke)
¢ - 2—7

(2) When e — Ok, + P22 [IRCRRT < 4y, if e — ok, < V, g5 = 6oV,

g0 = 14 bovRe 4 r - E BB 00N — ey — Bok,);

(3) When e, — 0:kq + P(TZP—GV) 2[C+Pe(:;—9ckc)} > U, iqu.,:(o'r) Sov/ko + ‘7: 0 5 /Ko >1

the optimal wholesale price satisfies G(wf(o’r)) = 0, and the optimal yields, respectzvely, satisfy:

09— 14 5,y — W peleo — Buko)
o =
p
. C(0,r) .
qCC(O,r) — 14 5c\/E— c+ Pe(ec Qckc) + ;[wc + pe(eo ono)]z
p p
(4) When e — 0ok + 211 AP 0RI] < 1 ira€0n _ 5, /sy 18270/l

rp
the optimal wholesale price satzsﬁes G(we e 7)) = 0, and the optimal yields, respectzvely, satisfy:
C(0,r)

0507 = 1 0y - P el =k

p p p

where U = %[p(l + 60vko) + (1 = 1)+ peleo — oko)], V = r—;e[péo\/g —(1=7r(p-
¢) + pe(eo — oko)].

c(0r) B 2 B c(0,r) B
qCC(O,r) _ \J 7’2[1 _ (o + Pe(eo ono)] + 27‘[1 . c+ Pe(ec 9ckc)] . 7[1 . we + pe(eo ono)] + 5c\/k7

Proposition 12. In the (0, r) scenario, when e — 6:k. < min[Hy, U — p@=r) [2lctpelec—beke)] I,

Pe rp
(1) When ec — 6cke >V, ifec — 0cke < a, wcc(o,r) > wf(o’r); ifec — Ocke > B, qS(O”)
(I)’(O,r); ifec —Ocke < 7, QCC(O'r) > qf(OJ‘);

(2) When e. — 6:k. <V, wcc(o,r) > wf(o’r), %C(o,r) < qf(o’r); if e, — Ooko > %,
07 > 47100,
where x = Zp [p(l +80vko) + ¢ — pe(eo — 6oko)], B = zi[p(l + 60vko) — ¢ + peleo — Ooko)],
7—7[ (14 6ovko) + ¢ + pe(eo — Ooko)].
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Since the optimal solutions for the three scenarios in the co-opetitive mode are implicit
functions, Proposition 12 only compares the optimal solutions when the carbon emissions
of CM products are lower. From Proposition 12, we observe that even with a reduction in
CM carbon emissions, the comparison between the optimal decisions in the co-opetitive
mode and the purely competitive mode still varies with the carbon emissions of CM and
OEM unit products.

Proposition 13. Comparing the (0, r) and (0, 0) scenarios in the co-opetitive mode, we obtain:

(1) When e. — 0ck. + p( ) [Hp"(e; bck)l < U1 and ec — Ocke >V are satisfied, if

eo — Ooko > @, g5 ) > g6 00 cifec — Ocke > qg(()r) e
€00,

(2) When ec — 0ck. + p(f}:er) 2[c+pg(:;—95kﬁ)] < Uand e; — 0cke < V are satisfied, qcc(o,r) >

> qo zfeo —boko < ¢, w >

qCC(OrO), qg(o,f) < qg(o,o)/ wCC(O,f) > wE(O,O)_
where (P — i[(z . 7’)[ Zp[c+pe(:c*9ckc)] _ C+p8(€;79ckc)] _ p(l + 50\/]{7) _ (1 _ T)C + rpe(ec _

Gck)]K—zp[ 1+5\/>)_C+Pe(€o Goko)]/gzpl[ (1+‘5\F) ¢ —2pe(ec — Ocke)].

From the results of Proposition 13, we observe that when the carbon emissions per
unit of CM products are relatively high (e; — 6.k, > V), the optimal decisions in the (0, r)
scenario are favorable under specific conditions compared to the optimal decisions in the
(0, 0) scenario. This indicates that increasing production quantity is advantageous when
the competitor’s carbon emissions per unit are high. However, when the carbon emissions
per unit of CM products are relatively low (e. — 6:kc < V), the optimal decision for CM in
the (0, r) scenario is better, but the optimal decision for OEM is better in the (0, 0) scenario.
This suggests that the carbon emissions per unit of both products have a significant impact
on optimal decisions. Moreover, when the CM can substitute for excess demand from the
OEM, it does not necessarily harm the optimal decisions.

Proposition 14. In the co-opetitive mode with the (0, r) scenario,
(1) When e, — 0.k, + p(rzp_er) 2[C+p"(e;_eckc)} < Uand e. — 0k > V, ifec — Ocke > B,
ool

cor) .
Sov'ko) + peleo — 0oko)] + % r(<4 r))2 pelec — Ocke) + M, qc( 7). increases with

C(

0,r . . .
W, ) decreases with the increase in 7, Go

increases with the increase in r; if

the increase in r;

(2) When e. — 0cke + P<fp—ef) 2[6+Pe(f;—9ckc)] < Uand e; — 0k < V, wS") and 9o
M, qf (07) increases with the increase in r;

C(0,r)

do not change with the variation in r; if r >

2p
(3) When e, — 0:k; + p(rzp_er) 2[C+p"(f;_eckc)] > U and g, (o) — 0ovko + 4e " 0k _5“/7’ > 1,
wcc(o’r) and qff(o") increases with the increase in r, while qCC(O’ ) decreases with the increase in r.

Proposition 14 demonstrates that the impact of the substitution rate r on the optimal
decisions varies under different conditions. This differs from the results presented in
Proposition 6. This is because CM acts as the supplier to OEM. When CM can substitute
for the excess demand of OEM, CM can influence OEM’s decisions by controlling the
wholesale price. Therefore, in the co-opetitive mode, the effect of the substitution rate r on
the optimal decisions differs from that in the purely competitive mode.

Proposition 15. In the co-opetitive mode with the (0, r) scenario,

(1) When e, — 6.k, + p(rZP—fr) 2etpelec=0ck)] < 11 and e, — 0.k, > V, wcc(o'r) increases

rp
with the increase in k. and k,, and decreases with the increase in p,; q,g: (0r)

i“fz"],:" qf,:( ") increases with the
chce

increases with the
increase in k,, and decreases with the increase in k¢; if r >



Systems 2024, 12, 201

19 of 32

C(0,r)

. . . . . . , c(o,r) .
increase in pe; q; increases with the increase in k; if k, < (55 2 )2, qc ") increases with the

) 217890
p(2—r)"(ec—0Ockc) ¢ C(0,r) - . . . .
- increases with the increase in
2[(80*901(0)*7(%*9:1(::)]2 ec—0ckc” e Pe:

(2) When e; — 0.k. + p(rzpj) Z[HPE(:;*"ckc)} < Uande, — 0k, <V, wcc(o’r) increases
with the increase in k, and decreases with the increase in p., but remains unchanged with the

C(0,r)

increase in k¢; q,

C(0,r) . . . . . . . .
ke and pe; q; 0r) increases with the increase in k. and decreases with the increase in p,, but remains

unchanged with the increase in ko;

C(r) <
(3) When e — eckc + p(fp:") 2[c+-pe(ec—bckc)] > Uand qg(olr) _ 50\/E+ M > 1,

rp
C(o, . . . . . . . .
wc( ") decreases with the increase in pe and remains unchanged with the increase in k¢; if

C(0,r)

< 0, we c(0r) increases with the increase in k,; q,

increase in ko; if pe >

increases with the increase in ko, but remains unchanged with the increase in

0, . . .
5 \/kfpt o decreases with the increase in
pe and remains unchanged with the increase in k¢; if 2pefov/ko — Sop? < S qo( ") increases

cor) ; dop C(or)
increases with the increase in k; if 2o < 19, qe

with the increase in ko, q¢ increases

with the increase in ko, if [wf (07) + pe(eo — Ooko)] (6o — 6oky) > (ec — Ocke) D, qcc(o,r) increases
with the increase in p,.

ZUhere 19 = %[U)CC(OJ) + pe(eo - eokg)]z + % - %[wg(O/) + pg(eo - ong)]

From Proposition 15, we have identified a new phenomenon In the case of

— Ocke + p(r2p r) [C+pg(f;_95kc)] > U and g, cor) — Sovko + G A > 1, the increase
in OEM s green investment does not necessarily lead to an increase in its production.
This is because CM acts as OEM’s supplier and can also substitute for OEM’s excess de-
mand. Therefore, under specific conditions, CM can make the OEM’s green investment
unable to improve the OEM’s production by adjusting the wholesale price. Additionally,
Proposition 13 also indicates that the increase in carbon trading prices does not necessarily

suppress manufacturers” production.

5.4. Co-Opetitive Mode: CM and OEM Symmetrically Substitutable (r, r)

When CM and OEM products are symmetrically substitutable, the profit functions for
OEM and CM are as follows:

= pE[min[Do + 7(Dc - qC)+/ qg} — Wsfo + pe[Eo - (eo - eoko)EIo] —ko (19)

pE[min[D, + (D, — ‘70)+/‘70] —cqc + pelEc — (ec — Ocke)qc] — ke + (we —¢)qo (20)

Similar to Section 4.4, the complexity of this problem is exceptionally high. Therefore,
to simplify the problem, we consider the special case of ¥ = 1, where there is complete
product substitution between OEM and CM. In this case, market demand that OEM (or
CM) cannot satisfy will be entirely transferred to CM (or OEM). This situation also exists in
reality. We provide the conditions for the optimal solutions of OEM and CM in Lemma 7.

Lemma 7. In the (1, 1) scenario under the co-opetitive mode
(1) When chrPe(‘;o*@okn) < %[C+Pe(e;*9ckc)]2 qc c(11 =144, f M, the Opti-

mal wholesale price satisfies G(w; e r)) = 0, and the optimal yields for OEM satisfy:

a5 =140V + pe(e; —0cke) _ \/ 2w ™ + r;e(eo — Ouko)]
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(2)  When %[w}z < W < w if

gc — 6cVke + qo — 60/ko > 1, the optimal wholesale price satisfies G(w; e r)) = 0, and the
optimal yields, respectively, satisfy:

_ C(1,1) _
81+ 6. \F cay o+ peec QCkC)} _ _{Z[ZUS + pel(eo — oko)] —1- (qcc(l’l) _ 5C\/E)]2}2

p p
(1 1) wSC(l,l) + Pe(eo - eoko) 2[(3 + Pe(ec - eckc)} C(1,1) 242
8[1+0,v/ko — ; J=—{ ; ~ = = dovko)1P)
(3) When 7[%]2 < wC+P9(';a*90ko) < 2[c+pe( ec Ocke)] lch _ 5c\/k7c+ Go —
Sov'ko < 1, the optimal wholesale price satisfies G(wcC (0’7)) = O, and the optimal yields, respec-
tively, satisfy:

Y — gk | p—c— pelec—Ocke) _ \/ G 5 e 2 - o€ | pe(en ooke)

. p(qf“’“ N P
cayy c(11 _
9o 50\/]? + p— Ws Pe(eo ) _ (q(()f(l,l) B 50%)2 +2[1 _ c+ Pe(ec Gckc)]
2 (1L1) p
P(% - 50\/7>

(4) When chrpg((;nggka) > 2[c+pg(;c795kc)],if50\/g > % C(1,1) 2+5c\/F

72[C+p6(;”795k5)], g5 M = 653/, WS = p — peleo — Boko);

(5) When LetpelCoztolo) > JRetpel 0] if 5,/ < pelecBle),

qCC(lrl) =1+ 6.ke — \/2[C+ PE(;C — Ock)] i p(1+8,vko) — Pe[(e;_ Ockc) — (€0 — 6oko)

C(1, 1) Pe[(ec - Gckc) - (eo - Goko)]
Jo P

wcc(l A) p(l + 6, \/E) — Pe(ec - 9ckc)

Proposition 16. In the (1, 1) scenario under the co-opetitive mode:

(1) When both modes satisfy w+pe(€r‘j*9"ko> < %[Hp"(e;*eck”]z, wcc(l’l) = wf(l’l), qcc(1,1) —
qf(l,l)/ q(()j(l,l) _ qg(l,l) C(l 1) _ (1 1) n_g(l,l) _ nf(l,l) n 7_{5(1,1)/,

(2) When both modes satisfy wﬂ% e; Boko) > ‘/Z[CW“(‘;_eckc)] and b,/ko > max[@,
| plestokaey ,CO1) PO COY) _ PUY (€01 POY) Y _ )

P
ZCOD P | PO,

(3) When both modes satisfy w+p“(e’;_€”k") > 2[C+p”(;f_eckc)] and 6ov/ko < min[@,

1— eleomtbloliey R0 PO — PO 4 PO if e — Bcke < 5 [p(1+80v/Ko) — ¢+

Peleo — Boko)], wE M) > P, gEIA) 5 PO GCO1) oD,

Due to the complexity of the (1, 1) scenario, Proposition 16 only allows for partial
comparisons between the two modes. From Proposition 16, it is evident that when both
modes satisfy 7 “(e;_g“k“) <1 [Cﬂ”"(e;_efkc) ]2, there is no difference in the optimal solu-
tions between the two modes. This is because the OEM’s production is sufficiently large,
eliminating any excess demand. Even with higher wholesale prices in the co-opetitive
mode, CM cannot attract additional demand. Consequently, the profits of the OEM remain

the same under both modes, and in the co-opetitive mode, CM sets its optimal decision to be
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the same as in the purely competitive mode. Additionally, as CM serves as the OEM’s sup-
plier in the co-opetitive mode, CM’s profits in this mode are the sum of those in the purely
competitive mode and the profits of the TS. Furthermore, since the optimal decisions are the
same under both modes, the carbon emissions are also identical at this point. When both

modes satisfy w+pL(Elj boko) > ,/2[C+PL(;C —0ckd)l it 5 ﬁ<mm[rh(ecpﬁckc) 1 _ Peleo= zoku)"!‘(f]

the OEM will produce at the minimum capacity. In this scenario, all uncertain demands of
the OEM cannot be satisfied. Consequently, CM will increase its yields to fulfill all uncertain
demands of the OEM. Additionally, as the supplier to the OEM, CM sets the wholesale
price to maximize its revenue. Therefore, the optimal decisions are the same under both
modes, and in the co-opetitive mode, CM’s profit is the sum of the profit in the purely
competitive mode and that of the TS. However, if 6, Vko < min| b “(eC;QCkC) 1-L “(e"fg"k")“ 1,
the relationship between the optimal decisions under both modes is influenced by the CM’s
unit product carbon emissions. This is because, in the co-opetitive mode, CM can adjust
its demand by controlling the wholesale price, effectively mitigating the risk of greater
losses from excessive production when the CM’s unit product carbon emissions are high.
Furthermore, we observe that the total yields of both manufacturers remain unchanged
under both modes. This phenomenon indicates that the market satisfaction rate remains
constant regardless of the mode chosen.

Proposition 17. Comparing the (1, 1) and (0, 0) scenarios in the co-opetitive mode, we obtain:
(1) When w > w and S,v/k, < @ are satisfied, if

G)k >(l[),) C(“ > ;zfec—Qk > 1, qc(ll) > qoc(o’o),ifeo—eoko < v,
C(11 C(0,0
We > We ;

(2) When w > 1/%’;_9&)] and So\/ko > W are satisfied,
qC( DI ( 0) qg( 1) - < S C(0,0) wf(l,l) > C(00).

where lp ﬁ[\/z [c + pe(ec — Ocke)] — p(1 +50\/1§) —q], [t = zi[p(l + 60vko) — ¢+
Pe(eo = Ooko)], v = ﬁ[ (14 d0vko) — ¢ — 2pe(ec — Ocke)].

When [2%+F "(;" boko) > /2etp "(;C beke)] i satisfied, it indicates that the profit per unit

of OEM products is less than that of CM products. From Proposition 17, we observe that
when the carbon emissions per unit of CM products are relatively high (6,v/k, < p*"%ﬁkc)),
both CM and OEM’s optimal decisions in the (1, 1) scenario may be superior to the optimal
decisions in the (0, 0) scenario. This result suggests that increasing production quantity is

advantageous when the competitor’s carbon emissions per unit are high. When the carbon
emissions per unit of CM products are relatively low (6,v/k, > M), CMin the (1, 1)
scenario can completely substitute for more of OEM’s demand. To maximize profits, CM in
the (1, 1) scenario will set the wholesale price to the maximum, leading OEM to produce
at the minimum quantity. Therefore, the results of Proposition 17 indicate that when the
products of two manufacturers are completely substitutable, the optimal decisions of all
members are not necessarily worse than the optimal decisions when no substitution exists.

Proposition 18. In the (1, 1) scenario under the co-opetitive mode:
(1) When wc+Pe(€o_90k0) < %[C‘ch(ec_eckc)}z wg(lzl)
p p /

Pe, and decreases with the increase in k.; qg (1)

_ 24/2 + Bok
gfigfﬁf \/ ’Zw) peleo—to ")], qo( Y increases with the increase in Pe; e
oto +pe(eo—0oko )+c

the increase in k and decreases with the increase in Pe, without varying with k,;

(2) When w > w and ook, < @, wf(l’l) increases

with the increase in k, and k., and decreases with the increase in p,; qf (L1)

increases with the increase in k, and

increases with the increase in k, and k¢; if
C(11)

increases with

increases with the
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eo—0ok, (111)

. ) ) . . . C
increase in k. and decreases with the increase in k,; if < >14+—F

¢ ? f ee—cke v/ 2plet+pe(ec—0ckc)] 9c
(1,1)

increases with the increase in k, and decreases with the
(1,1)

. . . . C
increases with the increase in pe; qo
increase in ke; if ec — Ocke > eo — 0ok, g, increases with the increase in p,;

(3) When w Z w and 501 /ko Z pe(ec%fckc)/ wg(l’l) increases
with the increase in k, and decreases with the increase in p,, without changing with k.; qf,j(l’l)
increases with the increase in ko, without changing with k. and p,; qcc(l’l) increases with the

increase in k. and decreases with the increase in p,, without changing with k,.

Similarly, due to the complexity of the problem in the (1, 1) scenario, in Proposition 18,
we can only demonstrate the influence of green investment and carbon trading prices on
optimal decisions in some cases. The results of Proposition 18 also indicate that in the
co-opetitive mode, when CM can replace OEM, carbon trading prices may not necessarily
suppress the production of manufacturers.

6. Numerical Analysis

In this section, we continue to conduct a numerical analysis and explore new findings
by consulting the carbon trading prices from the China Carbon Emission Trade Exchange
(CCETE) and using partial parameter settings from ref. [11]. We assume that p is 5, c is
1, peis4,ris0.5,¢; (i =o,c)are both 1, 6; (i = o,c) are both 0.1, §; (i = o, c) are both 0.01,
and E; (i = o,c) are both 10. Next, we set CM’s green investment k. to be 3.5 and 6.5,
respectively, and use OEM’s green investment k, as the horizontal axis to compare and
analyze the profits of OEM 71,, CM 7, and the total profit 7t of the supply chain under
different scenarios.

First, we compare the three scenarios under purely competitive: (0, 0), (r, 0), (0, r)
and (1, 1), and present the corresponding results in Figures 5-7. From Figures 5 and 6, we
observe that 7'(5 (r0) _ 7'(5 (00) and nf ©0n) _ 7'[(1;3 (0.0) always exist. This further validates the
results analyzed in Propositions 2 and 5. Additionally, we observe that whether k. = 3.5

(r,0)

or k. = 6.5 is satisfied, when k, is relatively small, nf
ko increases, 71, 1 pecomes optimal. This is because in the (r, 0) scenario of the purely
competitive mode, the CM cannot substitute for the excess demand of the OEM, whereas in
the (1, 1) scenario, the CM can fully substitute for the demand of the OEM. Therefore, when
ko is small, the unmet demand by the OEM is significant, and in the (1, 0) scenario, this
excess demand of the OEM does not transfer to the CM. In contrast, in the (1, 1) scenario,

the excess demand of the OEM is fully transferred to the CM. At this point, the OEM’s sales

revenue in the (1, 1) scenario significantly decreases, leading to 7'(,1; (r0) > 7'[5 (1’1). However,
when k, is large, the OEM can substitute for the unmet excess demand of the CM. In the
(r, 0) scenario, the OEM can only partially substitute for the excess demand of the CM,
while in the (1, 1) scenario, the OEM can fully substitute for the excess demand of the CM.
At this point, the OEM can achieve higher sales revenue in the (1, 1) scenario, leading to

775 (L.1) > nf <r’0).

is always optimal. However, as
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@ ®)

Figure 5. Comparison of ¥ in the scenarios of (0, 0), (z, 0), (0, r) and (1, 1) under purely competitive mode.
(a) ke = 3.5. (b) k. = 6.5.

o 1 2 3 4 5 6 7 8 s 10 o 1 2 3 4 5 6 7 8 9 10

(@) ®)

Figure 6. Comparison of t? in the scenarios of (0, 0), (r, 0), (0, r) and (1, 1) under purely competitive mode.
(a) kc =3.5. (b) k. = 6.5.

@ (b)

Figure 7. Comparison of 7t¥ in the scenarios of 0,0), (r, 0), (0, r) and (1, 1) under purely competitive mode.
(a) kc = 3.5. (b) k. = 6.5.

From Figure 6, we observe that when k. = 3.5 is satisfied, 715 (1)

(11)

is always optimal.

However, when k. = 6.5 is satisfied, if k, is relatively small, 7'[5
k, increases, nf 1) pecomes optimal. This is because when k. is small, in the (1, 1) scenario
of the purely competitive mode, the CM can fully substitute for the excess demand of the
OEM. The additional revenue CM gains from substitution can offset the carbon emission
costs incurred during the production process. Therefore, nf ) i optimal. However, when

k. is large and k, is small, in the (1, 1) scenario, the CM can fully substitute for more excess

is no longer optimal. As



Systems 2024, 12, 201

24 of 32

demand of the OEM. At this point, the additional revenue from substitution does not
offset the carbon emission costs incurred during the production process, making nf (L1
not optimal. As k, increases, the excess demand of the OEM decreases, and the additional
revenue CM gains from substitution can again offset the carbon emission costs incurred
during the production process. Thus, e 1) becomes optimal again.

For the entire supply chain, we observe from Figure 7 that when k. is relatively
small, 7z¥ 1) g always optimal. However, when k. is large, if k, is small, 7P is no
longer optimal. As k, increases, 7t (') becomes optimal. This is because when k. is small,
in the (1, 1) scenario of the purely competitive mode, the additional revenue CM gains
from substitution can not only offset its own carbon emission costs incurred during the
production process but also compensate for the losses of OEM and TS. Therefore, 7r(1'1)
is optimal. However, when k. is large and k, is small, the additional revenue CM gains
from substitution in the (1, 1) scenario cannot offset its own carbon emission costs or the
losses incurred by OEM and TS, making 7t”(11) not optimal. As k, increases, the unmet
excess demand of OEM decreases, and at this point, the additional revenue CM gains from
substitution can again offset its own carbon emission costs and compensate for the losses
incurred by OEM and TS. Therefore, 7t”(1')) becomes optimal again. This result indicates
that in the purely competitive mode, product substitution can bring better profits to the
supply chain.

Next, we compare the co-opetitive mode under scenarios (0, 0), (z, 0), (0, r) and (1, 1),
and present the corresponding results in Figures 8-10. From Figure 8, we observe that
regardless of the value of k., ng: ©07) is never optimal and consistently lower than ng 00),
This is because, in the co-opetitive mode, CM serves as the manufacturer for OEM. When
only CM can substitute for OEM’s products, CM will set higher wholesale prices to suppress

Cor) . C00)

OEM'’s production, resulting in 7, . Propositions 9 and 10 indicate that in both

scenarios (0, 0) and (r, 0), 7rf,: ©00) _ ng ©00) and 7roc (r0) _ ml,) (r0) always exist. Therefore,
71((): ©00) and 71((): (r0) yield the same results as in Figure 5. However, unlike Figure 5, when
c(1)

ko is small, 7, is the minimum in the (1, 1) scenario under the co-opetitive mode.
This is because, in the (1, 1) scenario, CM can not only fully substitute for OEM’s excess
demand but also manipulate the wholesale price, leading to a further decrease in OEM’s
production. Consequently, the sales revenue of OEM in the (1, 1) scenario significantly

c(1,1)

decreases, resulting in 7, being the minimum.

@ ®

Figure 8. Comparison of ng in the scenarios of (0, 0), (z, 0), (0, r) and (1, 1) under co-opetitive mode.
(a) kc = 3.5. (b) k. = 6.5.
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() (b)

Figure 9. Comparison of ng in the scenarios of (0, 0), (r, 0), (0, r) and (1, 1) under co-opetitive mode.
(@) kc =3.5. (b) k. = 6.5.

Figure 10. Comparison of 7€ in the scenarios of (0, 0), (r, 0), (0, r) and (1, 1) under co-opetitive mode.
(a) ke = 3.5. (b) k. = 6.5.

(L1)

From Figure 9, we find that 7'L'CC is not necessarily optimal. Specifically, when

k. = 6.5 is satisfied, 715 (r0) is optimal. This is because when k. is small, if k, is also small,
the demand that the OEM cannot satisfy is high. In this case, under the (1, 1) scenario, the
CM can fully substitute for the OEM’s excess demand. However, the revenue gained by
the CM through substitution cannot offset the carbon emission costs incurred during its
production process. Therefore, 7'L'CC 1) s not optimal. As k, increases, the unmet demand
by the OEM gradually decreases. In the (1, 1) scenario, the revenue gained by the CM
through substitution can offset the carbon emission costs incurred during its production
process, and as a supplier, the CM can further suppress the OEM’s production by raising
the wholesale price, making ars ) optimal. However, as k, further increases, the OEM’s
production significantly increases. In the (1, 1) scenario, the OEM can fully substitute
for the CM’s excess demand, leading to a decrease in the CM’s sales revenue, making
71’CC (1.1) not optimal. When £k is large, in the (1, 1) scenario, the revenue gained by the
CM through substitution can never offset the costs incurred from its green investments.
Moreover, the CM, in an attempt to gain more excess demand, will raise the wholesale
price to suppress the OEM’s production. However, a sufficiently high wholesale price leads

to a significant reduction in the OEM’s production, resulting in a substantial decrease in

the CM’s profit from selling raw materials. Therefore, nf 1) s not optimal. Conversely, in

the (1, 0) scenario, OEM can satisfy CM’s excess demand, prompting OEM to increase its
production. Consequently, CM earns more revenue by selling more raw materials, making

ng (r0) optimal.
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In Figure 10, we similarly observe that 7€(I') is not necessarily optimal. Specifically,
when k. = 6.5 is satisfied, 7C(r0) ig optimal, for reasons similar to those in Figure 9. When
kc is small, if k, is also small, the unmet demand from the OEM is high. In this case, under
the (1, 1) scenario, the CM can fully substitute for the OEM’s excess demand. However, the
revenue gained by the CM through substitution cannot offset the carbon emission costs
incurred during its production process. Therefore, 7¢(I'1) is not optimal. As k, increases,
the unmet demand from the OEM gradually decreases. In the (1, 1) scenario, the revenue
gained by the CM through substitution can offset the carbon emission costs incurred during
its production process. Moreover, as a supplier, the CM can further suppress the OEM’s
production by raising the wholesale price, making 7€) optimal. However, as k, further
increases, the OEM’s production significantly increases. In the (1, 1) scenario, the OEM
can fully substitute for the CM’s excess demand, leading to a decrease in the CM’s sales
revenue, making €LY not optimal. When k. is large, in the (1, 1) scenario, the revenue
gained by the CM through substitution can never offset the costs incurred from its green
investments. Additionally, the CM, in an attempt to gain more excess demand, will raise the
wholesale price to suppress the OEM’s production. However, a sufficiently high wholesale
price leads to a significant reduction in the OEM’s production, resulting in a substantial
decrease in the CM’s profit from selling raw materials. Therefore, 7€) is not optimal. In
the (r, 0) scenario, the OEM can meet the CM’s excess demand, leading the OEM to increase
its production. In this case, the CM gains more revenue by selling more raw materials,
making 77¢("0) optimal. Additionally, this result indicates that under the co-opetitive mode,
product substitution can potentially lead to better supply chain profits.

Next, we compare the corresponding profits of the two modes under the (0, r) scenario.
Firstly, from Figure 11, we observe that regardless of the values of k, and k., 7'(5 (0r) > 7T0C (0r)
always exists. This is because in the co-opetitive mode, CM acts as the supplier to OEM.
In this mode, CM increases wholesale prices to suppress OEM’s production to gain more
demand. Consequently, OEM’s yields decrease, leading to reduced sales revenue and
ultimately lower profits.

@ ®
Figure 11. Comparison of 77, under the (0, r) scenario. (a) k. = 3.5. (b) kc = 6.5.

From Figure 12, we observe that nCC (0r) always being less than nf(o’r) . This is because
under the co-opetitive mode, CM increases wholesale prices to suppress OEM production
to obtain more excess demand. However, excessively high wholesale prices lead to a
significant reduction in CM’s profits from selling raw materials due to the substantial
reduction in OEM production. At the same time, the excess demand obtained by CM

(0,r) P(0,r) )

cannot bring in a sufficiently large profit, leading to ncc always being less than 7,
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@ ®
Figure 12. Comparison of 7, under the (0, r) scenario. (a) kc = 3.5. (b) k. = 6.5.

Similarly to the results from Figures 11 and 12, we observe from Figure 13 that
7€0r) « 7P(Or) This is also due to the co-opetitive mode, where CM increases wholesale
prices to suppress OEM production to obtain more excess demand. However, exces-
sively high wholesale prices lead to a significant reduction in OEM production, resulting
in a substantial decrease in CM’s profits from selling raw materials. Additionally, the
excess demand obtained by CM cannot bring in a sufficiently large profit, resulting in
7€) < 7POr)  This result indicates that when only CM can substitute for OEM, the
co-opetitive mode may not bring better profits to the supply chain.

@ ®

Figure 13. Comparison of 7t under the (0, r) scenario. (a) k; = 3.5. (b) kc = 6.5.

Finally, we compare the respective profits of the two modes under the (1, 1) scenario.
Firstly, Figure 14 illustrates that with the increase in k,, rrg (1.1) > 715 (1.1) emerges. This is
because, in this scenario, the products of CM and OEM can substitute for each other. At
this point, as k, increases, OEM can fulfill more excess demand that CM cannot satisfy. In
the co-opetitive mode, CM, acting as a supplier to OEM, offers lower wholesale prices to
stimulate OEM to increase orders to gain more profit. Consequently, OEM can obtain more

sales revenue at a lower ordering cost, leading to ng s my @,



Systems 2024, 12, 201

28 of 32

(a) (b)

Figure 14. Comparison of 71, under the (1, 1) scenario. (a) k, = 3.5. (b) k. = 6.5.

In Figure 15, we observe that when k. is small, with the increase in k,, we will

sequentially encounter ncc(l'l) < nf(l’l), ncc(l’l) > nf(l’l) and ng(l’l) < nf(l’l)

when k. is large, only when k, is small, nCC (L.1) > nf (L1) appears. This is because when k.
and k, are small, in the co-opetitive mode, CM increases the wholesale price to expand its
substitutable demand. However, the significant increase in the wholesale price results in
a substantial reduction in OEM’s production, leading to greater losses, thus resulting in
ncc 1) < 7'[5 D), As k, increases, the excess demand that OEM cannot satisfy decreases.
In this scenario, CM increases the wholesale price to boost its additional demand for sales
revenue. At this point, the extra sales revenue obtained by CM far exceeds the loss caused
by the increase in the wholesale price, leading to 7TCC SRS nf ), Nevertheless, as k,
continues to increase, the excess demand that OEM cannot satisfy decreases significantly. At
this point, CM reduces the wholesale price to stimulate OEM to further increase production.

However, the loss caused by the decrease in the wholesale price is sufficiently significant,

resulting in ncc ) < nf 1 When k. is large, CM’s demand that can be satisfied is
substantial. If k, is small, CM in the co-opetitive mode increases the wholesale price to
obtain more substitutable demand. At this point, CM in the co-opetitive mode can obtain
more sales revenue, resulting in 7'(§ (L1) > 715 (1’1). However, as k, increases, CM in the
co-opetitive mode increases the wholesale price without obtaining more substitutable

demand, but instead significantly reduces its revenue from selling raw materials. Therefore,

. However,

C(1,1 P(1,1
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Figure 15. Comparison of 7. under the (1, 1) scenario. (a) k. = 3.5. (b) k. = 6.5.

In Figure 16, we observe that when k. is small, aC1) « 7P(L1) always exists. When
ke is large, 7€(1) > 7P(L1) appears. This is because when k. is small, in the co-opetitive
mode, CM seeks to maximize its profits by manipulating the wholesale price. Although in
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certain situations, manipulating the wholesale price can bring more profits to CM, it also
causes greater damage to OEM’s profits; hence, €1 < 7P always exists. When k. is
large, in the co-opetitive mode, although CM seeks to maximize its profits by manipulating
the wholesale price, this operation may cause less damage to OEM’s profits. Therefore,
€A1 > PA1) appears. This result indicates that the co-opetitive mode may also bring
more profits to the supply chain.

@ o
Figure 16. Comparison of 7t under the (1, 1) scenario. (a) k; = 3.5. (b) kc = 6.5.

7. Discussion and Conclusions

This study investigates the competitive newsvendor problem with product substitu-
tion under the carbon cap-and-trade system. Unlike studies such as those by refs. [23,43],
our research introduces a carbon cap-and-trade system under conditions of market demand
uncertainty. Additionally, we consider the scenario where the OEM has the option to
procure raw materials from the CM or from a third-party supplier TS, and both of their final
products are substitutable. Both OEM and CM products result in carbon emissions, which
are offset through the carbon cap-and-trade system. Based on this problem, we consider
different substitution relationships between OEM and CM products under both purely
competitive and co-opetitive modes. Subsequently, we develop decision models for differ-
ent scenarios and provide corresponding optimal solutions under these conditions. This
approach enhances our understanding of the competitive issues when product substitution
is considered.

Based on the obtained optimal solutions, we first analyze the impact of substitution
rates, green investments, and carbon trading prices on the optimal decisions of OEM
and CM under both purely competitive and co-opetitive modes. Unlike studies such as
refs. [31,35] which did not consider product substitution and market demand uncertainty;,
we find some new findings based on the consideration of these factors. In purely competi-
tive mode, when only one-way substitution exists, an increase in the substitution rate and
green investment of OEM (or CM) leads to an increase in OEM’s (or CM’s) yields, while an
increase in the green investment of OEM (or CM) does not necessarily reduce yields of CM
(or OEM). In co-opetitive mode, when only one-way substitution exists, an increase in the
substitution rate and green investments of both manufactures may lead to an increase in
yields of both manufactures. Moreover, when only one-way substitution exists, an increase
in carbon trading prices in the purely competitive mode may only lead to an increase
in yields of the substitutable manufacturer, while an increase in carbon trading prices in
the co-opetitive mode may lead to an increase in yields of both manufactures. Next, by
comparing the two modes under the same substitution conditions, we find that when CM
cannot substitute for OEM, the optimal decisions and total profits of the supply chain
are the same in both modes. Finally, through numerical analysis, we further discovered
that under the same competitive mode, under specific conditions, when the products of
the two manufacturers can substitute for each other, it can bring better profits to both
manufacturers and the entire supply chain. In contrast to the findings of ref. [11], we found
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that under different competitive modes, when CM can substitute for OEM, neither mode is
necessarily optimal for the profits of both manufacturers and the total profit of the supply
chain. Furthermore, by comparing different substitution scenarios within the same mode,
we found that under certain conditions, the existence of product substitution can enhance
the total profit of the supply chain.

This study also provides new insights into operational decision-making for manu-
facturers in competitive environments. Firstly, under specific conditions, the existence of
product substitution not only helps increase the production and profits of manufacturers
but also enhances the total profit of the supply chain. Secondly, the study points out that
under specific conditions, an increase in carbon trading prices can prompt manufacturers
to increase their production. Therefore, manufacturers in competitive environments can
alleviate the inhibitory effect of carbon emissions reduction on their production by par-
ticipating in carbon cap-and-trade systems in specific environments. Furthermore, when
only OEM products can substitute for CM products, whether or not the two manufacturers
co-operate does not affect the total profit of the supply chain. Lastly, when competing
manufacturers participate in the carbon cap-and-trade system, under specific conditions,
the blind increase in wholesale prices by CM in the co-opetitive mode to seize the market
will lead to a lose-lose situation. Therefore, CM in the co-opetitive mode should not blindly
increase wholesale prices to seize the market.

The present study still has certain limitations. Firstly, it assumes that the green
investments of OEM and CM are predetermined. However, in the actual operation of the
supply chain, the green investments of OEM and CM can influence the optimal decisions
of supply chain members. Therefore, treating the green investments of OEM and CM as
decision variables for both parties simultaneously could pose an interesting new research
question. Additionally, the study overlooks the flexibility of the carbon cap-and-trade
system, as well as the uncertainty of carbon trading prices. It only assumes that OEM and
CM settle their carbon quotas through the carbon cap-and-trade system at the end of the
period. Hence, exploring carbon trading by OEM and CM throughout the period could be
another intriguing research avenue.
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