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Introduction: This research examines a low-carbon supply chain involving a 
vertically integrated manufacturer with private market demand information and 
a retailer that sources low-carbon products. The two parties engage in quantity 
competition.
Methods: We establish a dynamic signaling game model to analyze how the 
manufacturer can use its output and carbon emission reduction level signaling 
demand information to the retailer under asymmetric conditions.
Results: Our findings indicate that (1) the manufacturer must always distort 
its quantities and carbon emission reduction levels downward to signal low 
demand; (2) the inference effect worsens the situation of the manufacturer 
and the retailer; (3) manufacturer’s signaling strategies are influenced by several 
factors, such as market demand volatility, the prior probability of market 
demand, its capacity for reducing emission, and consumers preferences for 
low-carbon products.
Discussion: The novelty of this research lies in incorporating demand 
information asymmetry into the manufacturer’s output and carbon emission 
reduction strategies, providing valuable insights for low-carbon supply chains 
to coordinate the most appropriate signaling strategies.

KEYWORDS

low-carbon supply chain, supply chain management, carbon emission reduction level, 
signaling game model, asymmetric information 

 1 Introduction

Climate change is a critical issue confronting the global community [1]. As 
highlighted by the United Nations Intergovernmental Panel on Climate Change (IPCC), 
the sustained rise in global temperatures has led to a series of severe issues, including 
increased frequency of natural disasters, the rise in sea levels, and significant ecosystem 
degradation [2]. In response to this critical challenge, governments worldwide have 
introduced stringent carbon emission regulations and policies to encourage businesses 
to lower their carbon footprint [3].The European Union has committed to achieving 
carbon neutrality by 2050, for example,. China has established a “double carbon” 
strategy, targeting to peak carbon emissions before 2030 and achieve carbon neutrality 
before 2060 [4]. The introduction of these policies has made low-carbon transition a 
vital direction for economic development [5]. Simultaneously, as public environmental 
awareness has significantly increased, consumer attention to low-carbon products has 
grown substantially [6]. More and more consumers are beginning to emphasize the 
carbon footprint of products and prefer to choose environmentally friendly vehicles, 
energy-efficient appliances, and sustainable fashion items [7]. A recent study reveals that
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77.60% of respondents place greater emphasis on sustainability 
certifications and low-carbon labels when purchasing goods [8]. This 
shift in consumer preferences, driven by both low-carbon policies 
and green consumer preferences, has further stimulated market 
demand for the supply chain [9]. To meet the growing consumer 
demand, businesses are compelled to implement strategies to cut 
carbon emissions throughout the supply chain, thereby building 
a more sustainable system [10]. Multinational corporations such 
as Hitachi, Tesa, Nestlé, and P&G have already announced their 
commitments to achieving net-zero emissions across their entire 
supply chains by 2050 or earlier.

However, in low-carbon supply chains, member enterprises 
face the critical challenge of demand information asymmetry, 
particularly during the initial stages of introducing low-carbon 
products to the market. Manufacturers often possess a more 
comprehensive understanding of market demand [11]. During 
the initial phases of product development, manufacturers allocate 
substantial resources to conducting market analysis to ensure 
a close alignment between product design and market needs 
[12,13]. However, in certain situations, retailers may struggle to 
accurately grasp the diversity of consumer demands, leading to a 
disconnect between the products they sell and market requirements. 
In the new energy vehicle sector, for example, some retailers 
cannot keep pace with growing consumer demand and are slow 
to adjust their vehicle configurations [14]. Asymmetric demand 
information weakens a supply chain’s market competitiveness by 
inducing operational inefficiencies such as product shortages and 
inventory backlogs [15]. In fact, information within supply chains 
is both a vital asset and a key driver of decision-making. [16]. 
For example, Xiaomi, a mobile phone manufacturing company, 
exemplifies this approach by sharing real-time market demand data. 
This allows for dynamic adjustments to their production plans 
and helps avoid potential surplus due to market fluctuations. Thus, 
conducting in-depth research on demand information asymmetry 
between manufacturers and retailers holds significant theoretical 
and practical value.

Based on earlier discussions, we aim to investigate the signaling 
strategies used by the manufacturer to disclose demand information 
to the competing retailer. Existing literature has established 
that output serves as an effective demand signal in traditional 
supply chains [17], while carbon emission reduction levels have 
also been demonstrated to possess signaling functionality in 
low-carbon contexts [11]. Previous research has predominantly 
focused on single signal frameworks, whereas the manufacturer’s 
decisions in reality are multi-dimensional. Therefore, this study 
develops a signal game model to examine how the manufacturer 
strategically combines output and carbon emission reduction 
levels as complementary signals to convey market demand. It 
is noteworthy that different types of manufacturers may adopt 
differentiated signaling strategies depending on market conditions. 
For instance, when demand fluctuates significantly, a high-demand 
manufacturer sets a higher emission reduction level to signal 
her type, prompting the retailer to place correspondingly larger 
orders [11]. Conversely, under mild market fluctuations, a low-
demand manufacturer may mimic the output decisions of a high-
type to secure larger orders and capture excess returns [18]. 
Motivated by these considerations, this study focuses on examining 
the strategic interactions between different manufacturer types 

within separating and pooling equilibria, addressing the following
research questions: 

1. What is the manufacturer’s decision for signaling market 
demand to achieve a separating equilibrium?

2. What is the manufacturer’s decision for signaling market 
demand to achieve a pooling equilibrium?

3. What are the key factors influencing the manufacturer’s 
signaling strategies?

To investigate the research questions discussed, we develop 
a signaling model between a low-carbon product manufacturer 
and a retailer operating in a competitive product market. In this 
framework, the manufacturer first determines her production 
output and carbon emission reduction levels. Following this, the 
retailer, after observing the manufacturer’s decisions, determines 
the order quantity. Together, they supply products to the
end market.

This study contributes significantly to supply chain 
management, specifically in the following areas: (1) Unlike studies 
on carbon reduction under information symmetry, this study 
identifies the operational strategies for effective signaling under 
demand asymmetry. Model analysis indicates that to accurately 
signal low market demand, the manufacturer must strategically 
downward distort both output and carbon emission reduction 
levels. This mechanism characterizes a unique signaling equilibrium 
in the supply chain, thereby bridging a critical research gap in 
modeling emission reduction under information asymmetry. (2) 
Furthermore, this study constructs emission reduction level as 
a key variable within the signaling framework, moving beyond 
the conventional reliance on single signals such as output in 
traditional supply chain signaling research. More importantly, 
it quantifies how market fluctuations, demand probability, 
emission reduction capability, and consumer low-carbon preference 
influence this signaling strategy’s viability. The findings provide 
managers with actionable insights, enabling them to evaluate 
key factors under market uncertainty and adjust their strategies 
to manage downstream expectations and coordinate the supply
chain proactively. 

2 Literature review

The literature review is organized into two primary sections: 
one focuses on low-carbon supply chains, and the other explores 
signaling game. 

2.1 Low-carbon supply chains

A significant amount of research has been conducted on 
low-carbon supply chains. Most scholars analyze the supply 
chain participants’ decision-making in reducing carbon emissions 
under the assumption of symmetric information. [19] Were 
the first to incorporate carbon emission considerations into 
operations management models, demonstrating that firms can 
achieve significant emission reductions without substantial cost 
increases. By modeling various channel structures, [15] Showed 
that dual-channel development enhances manufacturer profits while 
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harming retailer interests in the supply chain with limited risk 
aversion. [20] Compared independent emission abatement by the 
manufacturer with joint abatement by both supply chain partners, 
proving that cooperation yields higher returns for both parties. [21] 
Found that in competitive supply chains, unilateral carbon reduction 
investment may create positive externalities by increasing all 
manufacturers’ profits, thereby facilitating cooperation in emission 
reduction technology. [22] Showed that e-commerce platforms can 
accelerate the low-carbon transition by prioritizing such products, 
which gives a competitive advantage to manufacturers with strong 
emission reduction capabilities. [23] Confirmed that in competing 
supply chains with asymmetric channel structures, consumer 
green preferences generate positive market effects for both green 
and conventional supply chains. [24] Found that the application 
of blockchain technology enhances consumer preferences for 
both traditional and remanufactured products, thereby facilitating 
carbon reduction in the supply chain. This setup allows for a 
clearer examination of the impact of horizontal competition on 
signaling behavior.

On the other hand, some researchers have also considered 
the decision-making mechanisms under asymmetric information. 
Against the backdrop of incomplete demand information, [25] 
demonstrated that a cap-and-trade mechanism can insulate 
operational decisions and social welfare from volatile market 
demand. [11] Examined how green manufacturers signal carbon 
efficiency information to e-commerce platforms through three 
signaling strategies: sales volume, carbon emission reduction 
levels, and a dual-signal approach combining both. The study 
revealed that using carbon emission reduction levels as a signal 
increases the separating cost for low efficiency manufacturers. [26] 
Based on the assumption that consumer low-carbon preference 
information can be dynamically updated, analyzed the impact 
of information updating mechanisms and incentive strategies on 
emission reduction efficiency. The research concluded that an 
effective information updating mechanism is more conducive to 
improving overall carbon reduction efficiency than promotional 
subsidies alone. [27] Compared the performance of the supply 
chain under build-to-order and build-to-stock modes, finding 
that information sharing benefits both manufacturers and 
retailers under both models. While these studies explore the 
impact of information asymmetry on low-carbon supply chains 
from various perspectives, none delve deeply into the signaling 
game between manufacturers and retailers concerning demand 
information. In contrast, this paper systematically investigates 
how the manufacturer conveys private demand information to 
the retailer. It comprehensively characterizes the conditions for 
the existence of both separating and pooling equilibria and further 
analyzes the key factors influencing the effectiveness of signaling 
strategies. Thereby, it extends the research dimension of information 
structure in the supply chain from the perspective of demand signal
transmission. 

2.2 Signaling models under information 
asymmetry

Another category of research investigates signaling models 
within supply chains under demand information asymmetry. Firstly, 

scholars have examined situations where downstream firms signal 
demand information to upstream firms. [28] Investigated how 
retailers use option contracts to convey demand information to 
suppliers, finding that high-demand types are more inclined to 
purchase more options, thereby revealing their true type through the 
quantity of options. [17] Developed a model with one supplier and 
two competing retailers, demonstrating that a retailer with private 
information can signal through order quantities, thereby affecting 
supply chain coordination efficiency. [29] Further compared 
signaling strategies based on order quantities in both single channel 
and dual channel environments. [30] Found that manufacturers 
can infer market demand conditions based on the retailer’s profit 
margin in a retailer-led supply chain. [31] Proposed that retailers 
can convey market information to suppliers through ordering 
commitments in commitment contracts. Secondly, research on 
upstream firms signaling to downstream firms or consumers is 
equally noteworthy. [32] Indicated that manufacturers can use 
slotting fees as promotional tools to signal new product demand 
information to retailers. [33] Studied the mechanism by which 
manufacturers use wholesale prices to signal demand information 
to retailers and analyzed the separating and pooling equilibria 
within this framework. [34] Explored how manufacturers with 
private demand information can use guaranteed credit financing 
contracts to signal to financially constrained retailers. [35] Analyzed 
the mechanism through which upstream firms improve market 
demand by disclosing product quality information. [36] Compared 
the differences in signaling by manufacturers with private demand 
signals using wholesale prices and buyback prices, finding that 
buyback prices are a more effective signaling tool than wholesale 
prices. However, most existing studies analyze signaling issues 
from only a single dimension. Drawing on [17], who treat 
output as a demand signal, and [11], who propose carbon 
emission reduction level as a signal, this paper innovatively 
examines output and carbon emission reduction levels as dual 
signals, thereby expanding the research dimension of supply chain
signaling theory. 

3 Model description

Considering a scenario where manufacturer M1 exclusively 
produces and sells low-carbon products, while another competitor, 
manufacturer M2, also produces the same product with the same 
production cost per unit, denoted as c, supplies it to retailer at w [37]. 
Retail price for this product is denoted as p. Manufacturer M1 and 
retailer are involved in a quantity competition, with retailer’s costs of 
operation normalized to zero. Manufacturer M1 initially determines 
the output Q and also establishes carbon reduction level ε. Upon 
observing these decisions, retailer sets the order quantity q. Since 
manufacturer M2 does not make decisions, our analysis only focus 
on manufacturer M1 (hereinafter referred to as the manufacturer) 
and retailer.

This paper adopts the following inverse demand function, a 
specification that has been widely used in the relevant literature 
[17, 27, 38]. This linear demand function (Equation 1) captures 
two key market characteristics: First, due to factors such as 
consumer loyalty and enterprise brand effects, the products sold 
by the manufacturer and the retailer exhibit a certain degree of 
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substitutability [39]. Second, as consumer preference for low-carbon 
products continues to grow, product demand is positively correlated 
with the manufacturer’s emission reduction level [40]. Additionally, 
this functional form helps ensure the existence and tractability of the 
model’s equilibrium solution. 

p = Ai −Q−φq+ γε (1)

Where Ai represents the base demand, the manufacturer 
and retailer’s competition intensity is represented by φ (0 < φ <
1), and a larger φ means more intense competition; γ denotes 
consumer preference for low-carbon product. All parameters are 
positive numbers.

Following the modeling approaches of [41, 42], our paper 
abstracts from fixed costs and models carbon emission reduction 
costs as a function of the emission reduction level, assuming 
an increasing marginal cost as the reduction level rises. 
Specifically, we represent the emission reduction cost using a 
quadratic function of the emission reduction level, expressed as
Equation 2: 

C(e) = k ε2

2
(2)

k denotes capacity for reducing carbon emissions. A higher value 
of k indicates a decreased ability of the manufacturer to lower
emissions.

Similar to [36], the basic demand for Ai can be high (AH) 
or low (AL) with AL < AH. The manufacturer knows exactly the 
actual market demand Ai, i ∈ {H,L}, while the retailer doesn’t 
know Ai but only its distribution. The distribution of market 
demand satisfies Pr (Ai = AH) = λ, Pr (Ai = AL) = 1− λ, and 0 <
λ < 1. The mean value of market demand is µ = λAH + (1− λ)AL, 
with 0 < AL < µ < AH. The retailer’s belief about market demand 
is Aj , where j ∈ {H,L,N}. The retailer’s belief about the market 
demand aligns perfectly with real-world market conditions when 
i = j. N indicates that the retailer cannot know the current market 
demand state and makes decisions only based on prior beliefs. 
We employ the superscripts B, S, and P to represent the situations 
involving symmetric information, separating equilibrium, and 
pooling equilibrium. As we mentioned earlier, the subscripts i
and j indicate the manufacturer’s acquisition of market demand 
type and the retailer’s perception of market type. For example, qS

LL
represents the order quantity under separating equilibrium, where 
the manufacturer acquires a low demand and the retailer holds a 
low-demand expectation. 

4 Decision under symmetric 
information benchmark

Both the manufacturer and the retailer have a clear 
understanding of the true market demand for products under 
symmetric information conditions, where i = j ∈ {H,L}. The 
manufacturer initially sets her output QB

ij  and the carbon emission 
reduction level ϵBij . The retailer then determines his order quantity 
qB

ij  based on the manufacturer’s production volume and carbon 
emission reduction level. When the selling season arrives, the 
market demand is realized. To obtain the optimal results, we 
employ backward induction methodology.

Therefore, the retailer’s profit maximization problem 
is given in Equation 3: 

πB
ij(q

B
ij) = (Ai −QB

ij −ϕqB
ij + γϵBij −w)qB

ij (3)

The manufacturer aims to optimize profits at the 
level given in Equation 4: 

ΠB
ij(Q

B
ij , ϵ

B
ij) = (p− c)QB

ij −
k
2
ϵBij

2 (4)

The solution is denoted as QB
ij
∗, ϵBij
∗. The following Lemma 1 

describes the optimal decisions of the two parties under 
information symmetry.

Lemma 1: On symmetric information benchmark, manufacturer 
provides a output of  QB

ij
∗ = 2k(Ai−2c+w)

4k−γ2  and a carbon emission 

reduction level of  ϵBij
∗ = Aiγ−2cγ+wγ

4k−γ2 , obtains an expected profit 

of  ΠB
ij =
(Ai−2c+w)2(4k2−γ2)

2(4k−γ2)2
. The retailer’s order quantity is qB

ij
∗ =

(Ai+2c−3w)k+(w−c)γ2

ϕ(4k−γ2)
 and the profit is πB

ij =
[(Ai+2c−3w)k+(w−c)γ2]2

(4k−γ2)2ϕ
.

Lemma 1 systematically reveals the influence of various 
parameters on supply chain decisions. First, regarding the external 
operating environment faced by the manufacturer, when market 
demand increases (higher Ai), competitor wholesale prices rise 
(higher w), or consumer preference for low-carbon products 
strengthens (higher γ), the manufacturer not only expands output 
(Q) but also simultaneously enhance carbon emission reduction 
levels (ϵ). This indicates that favorable market conditions not only 
encourage scale expansion but also provide effective incentives 
for green investment, facilitating the synergistic improvement of 
economic performance and environmental reputation. Second, in 
terms of internal operational capabilities, if a company suffers from 
backward green technology (higher k) or high unit production 
costs (higher c), both its output and emission reduction levels 
will be constrained, creating a “dual squeeze” effect that reflects 
the fundamental constraint of internal efficiency on sustainable 
development. Finally, the impact of channel competition intensity 
(ϕ) demonstrates significant asymmetry, the negative effects of 
intensified competition are entirely borne by the retailer, while the 
manufacturer’s output and emission reduction decisions remain 
unaffected, highlighting the manufacturer’s dominant position 
in the channel power structure. In summary, companies must 
strategically integrate considerations of external market trends, 
internal capability building, and channel relationship management 
to achieve both economic and environmental objectives in complex 
environments. 

5 The signaling strategies of the 
manufacturer under asymmetric 
information

We primarily investigate the separating and pooling equilibria 
in this section, where the manufacturer uses production quantities 
and carbon emission reduction levels signaling demand to the 
retailer while possessing private demand information. For the sake 
of simplicity, the manufacturer encountering higher market demand 
are defined as H-type manufacturer; conversely, that facing lower 
demand is classified as L-type manufacturer. 
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5.1 Separating equilibrium

Previous analysis examined both parties’ decisions under 
symmetric information. Findings reveal that the retailer tends to 
set a lower order volume when encountering low market demand. 
Under conditions of demand information asymmetry, the H-type 
manufacturer is might pretend to be the L-type manufacturer to 
persuade the retailer reducing order volume, thereby increasing her 
own sales quantity. Therefore, in order to maximize her expected 
profit, the H-type manufacturer is driven to feign a lower market 
demand (essentially mimicking the L-type manufacturer) to foster 
the retailer’s perception of a low market demand type, consequently, 
the retailer adjusts its order volume to a lower level accordingly. 
Conversely, the L-type manufacturer is motivated to distinguish 
herself from the H-type manufacturer, enabling the retailer to infer 
her low-demand forecast and set an appropriate low order quantity. 
As a result, the L-type manufacturer incurs signaling cost in order 
to differentiate from the H-type manufacturer.

The H-type manufacturer is motivated to mimic the output 
and carbon emission reduction level established by the L-type 
manufacturer. Should this strategy prove successful, it would result 
in the retailer incorrectly perceiving the market demand as low, 
thereby adjusting his belief j = L accordingly and providing an 
order quantity appropriate for low market demand, q(QS

LL, ϵ
S
LL). 

Nonetheless, the actual market condition reflects high demand 
(i =H), leading to a high demand under the low order quantity. 
Given the absence of a reliable communication channel, and 
foreseeing that the retailer would interpret the demand metrics from 
manufacturer’s measures, the L-type manufacturer would actively 
reveal accurate market demand information through her output and 
carbon emission reduction level. Under asymmetric information 
conditions, the L-type manufacturer achieves her effective signaling 
at the point specified in Equation 5: 

ΠB
LL(Q

S
LL, ϵ

S
LL) =MaxE[(p− c)QS

LL −
k
2
ϵSLL

2]

s.t. ΠS
HL(Q

S
LL, ϵ

S
LL) ≤ ΠB

HH(Q
B∗
HH, ϵ

B∗
HH)

ΠS
LH(Q

B∗
HH, ϵ

B∗
HH) ≤ ΠB

LL(Q
S
LL, ϵ

S
LL) (5)

In choosing the signaling value (QS
LL, ϵ

S
LL), the L-type 

manufacturer may opt for a value distinct from the symmetric 
information condition. In an effort to mimic the L-type 
manufacturer, the H-type manufacturer may adopt the same choice 
(QS

LL, ϵ
S
LL), then the maximum profit it can obtain is ΠS

HL(Q
S
LL, ϵ

S
LL). 

Conversely, if the H-type manufacturer refrains from the imitation 
and opts for the production volume and carbon emission reduction 
level appropriate for high demand (QB

HH
∗ , ϵBHH
∗ ), the retailer then 

would reciprocate with an order quantity corresponding to high 
demand, resulting in the manufacturer’s profit aligning with 
that under symmetric information conditions ΠB

HH(Q
B
HH
∗ , ϵBHH
∗ ). 

When ΠS
HL(Q

S
LL, ϵ

S
LL) does not exceed ΠB

HH(Q
B
HH
∗ , ϵBHH
∗ ), the H-

type manufacturer lack motivation to mimic, thereby enabling 
the establishment of a separating equilibrium under signaling 
conditions. The separating equilibrium further requires that the 
L-type manufacturer exhibits no rational motivation to strategically 
depart from out-of-equilibrium scenario.

Define θ = AH+w−2c
AL+w−2c

, which measures the demand volatility 
levels. The following Proposition 1 demonstrates that a separating 
equilibrium exists where the manufacturer employs output and 
carbon emission reduction level to signal demand, thereby 
influencing the decisions of the manufacturer and the retailer.

Proposition 1: When 0 < k ≤ 1, 0 < γ < 2√k and 1 < θ < 3, the 
most effective separating equilibrium exists for the manufacturer to 
signal market demand information through output and emission 
reduction level. 1) The H-type manufacturer’s output and carbon 
emission reduction level equal to those under symmetric information,
(QB

HH
∗ , ϵBHH
∗ ). 2) The L-type manufacturer’s output is lower than 

that under symmetric information, i.e., QS
LL
∗ < QB

LL
∗ . 3) The L-type 

manufacturer’s carbon emission reduction level is lower than that 
under symmetric information, i.e., εS

LL
∗ < εB

LL
∗ . 4) According to the L-

type manufacturer’s output QS
LL
∗  and carbon emission reduction level

εS
LL
∗ , the retailer’s order quantity is lower than that under symmetric 

information, i.e., qS
LL
∗ < qB

LL
∗  .

Proposition 1 reveals that the existence of a separating 
equilibrium depends not only on the demand volatility θ but is 
also strictly constrained by the emission reduction cost coefficient 
k and consumer preference for low-carbon products γ. Specifically, 
a separating equilibrium holds only when k ≤ 1 and 0 < γ < 2√k; 
violation of either condition leads to the collapse of the equilibrium. 
The condition k ≤ 1 indicates that the manufacturer possesses 
sufficient emission reduction efficiency, where unit investment in 
abatement yields significant market returns, thereby laying the 
foundation for differentiated signaling. If k is too high (k > 1), the 
marginal cost of emission reduction increases sharply, making it 
too costly for the L-type manufacturer to signal through emission 
reduction efforts, thus eliminating its incentive to participate in the 
signaling game. The parameter γ represents consumers’ willingness 
to pay for low-carbon products, constituting the external pull for 
emission reduction efforts, while k determines the opportunity cost 
for the H-type manufacturer to mimic the L-type. The condition 
0 < γ < 2√k essentially defines the balance between market pull 
and internal capability: when γ does not exceed 2√k, consumer 
preference is not strong enough to compel the H-type manufacturer 
to abandon its advantage in emission reduction, thereby curbing 
its incentive to mimic and allowing the separating equilibrium to 
be maintained. Once γ > 2√k, consumers’ willingness to pay is 
excessively high, while the firm’s emission reduction capability fails 
to keep pace. In this case, the potential benefit for the H-type 
manufacturer from mimicking the L-type outweighs the cost of 
concealing its true type, leading to the breakdown of the separating 
equilibrium.

After satisfying the basic conditions on k and γ, the demand 
volatility θ further determines the specific form of the separating 
equilibrium. When θ ≥ 3, market volatility is intense, and if the 
H-type manufacturer mimics the L-type, it would face substantial 
profit losses. Thus, it maintains its decisions under symmetric 
information, resulting in a “costless separation.” When 1 < θ < 3, 
market fluctuations are moderate, and the H-type manufacturer 
can achieve net benefits through mimicry, creating an incentive 
to disguise herself. In this scenario, the L-type manufacturer 
must downward distort both output and emission reduction levels, 
bearing a “signaling cost” to effectively deter mimicry and sustain 
the separating equilibrium. Therefore, managers should dynamically 
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assess the three parameters k, γ, and θ. If consumers’ green 
preference significantly exceeds the critical threshold of the firm’s 
emission reduction efficiency (i.e., γ > 2√k), they should be alert 
to the risk of signaling strategy failure and consider switching 
to more credible certification mechanisms, such as third-party 
certifications or technology patents, to effectively convey their 
private information.

The inference effect is a core economic consequence arising 
from information asymmetry in signaling games [43]. It occurs 
when the receiver successfully deduces the sender’s private 
information based on strategically distorted decisions, then adjusts 
its strategy, thereby influencing the overall welfare of both parties. By 
comparing the profit levels of the manufacturer and retailer under 
symmetric information and separating equilibrium, we analyze 
the impact of the inference effect on supply chain members, as 
detailed in Proposition 2. 

Proposition 2: The inference effect reduces the profits of both supply 
chain members: 1) The L-type manufacturer’s profit is lower than that 
under symmetric information, i.e., ΠS

LL(Q
S
LL
∗ , ϵSLL
∗ ) < ΠB

LL(Q
B
LL
∗ ,εB

LL
∗ ). 

2) The retailer’s profit is also lower than that under symmetric 
information, i.e., πS

LL(q
S
LL
∗ ) < πB

LL(q
B
LL
∗ ).

Proposition 2 reveals the welfare loss imposed on both parties 
due to information asymmetry through the inference effect. 
Specifically, to achieve effective separation, the L-type manufacturer 
must reduce her output and carbon emission reduction levels below 
the optimal values under symmetric information. Although this 
strategy successfully conveys the true low-demand signal, it leads 
to deviations from the optimal production and emission reduction 
paths, thereby decreasing sales revenue and profit. For the retailer, 
upon observing the low signal from the L-type manufacturer, he 
can accurately infer the low market demand and adjust his order 
quantity to a level lower than that under symmetric information. 
Although this response is rational in a separating equilibrium, the 
retailer’s decision is based on distorted initial signals, and thus 
his final profit still falls short of the optimum under symmetric 
information. As a result, the inference effect causes a simultaneous 
loss of profit for both supply chain parties, creating a typical “lose-
lose” outcome. 

5.2 Pooling equilibrium

We continue to explore the pooling equilibrium, where different 
types of manufacturers “pool” together by setting the same output 
and emission reduction strategies. Consequently, the retailer cannot 
identify the signal and still maintains his prior belief. This is 
because the H-type manufacturer successfully mimics the L-type 
manufacturer by choosing the same production quantities and 
emission reduction levels. The retailer can only make decisions align 
with average market expectations µ. In the pooling equilibrium, 
manufacturers tend to weaken the retailer’s perception of high 
market demand, which helps them boost their own competitiveness 
and maximize their expected profit. Specifically, when both H-
type and L-type manufacturers adopt similar production scales and 
emission reduction levels, the retailer cannot update his perception 
of market demand, leading him to assume a low-demand scenario. 
However, deviations from these aligned decisions, particularly in 

production quantities and emission reduction measures, signal a 
high-demand market to the retailer.

Therefore, to achieve a pooling equilibrium, the manufacturer’s 
optimal strategy must meet the conditions given in Equations 6, 7: 

ΠP
LN(Q

P
LN, ϵ

P
LN) =MaxE[(p− c)QP

LN −
k
2
ϵPLN

2]

ΠP
HN(Q

P
HN, ϵ

P
HN) =MaxE[(p− c)QP

HN −
k
2
ϵPHN

2]

ΠB
HH(Q

B∗
LL ,ε

B∗
LL) ≤ ΠP

HN(Q
P
HN, ϵ

P
HN)

ΠP
LH(Q

P∗
LH,ε

P∗
LH) ≤ ΠP

LN(Q
P
LN, ϵ

P
LN) (6)

where 

qP∗
LN(Q

P
LN, ϵ

P
LN) = arg max[(μ−QP

LN −ϕqP
LN + γϵPLN −w)qP

LN]

qP∗
HN(Q

P
HN, ϵ

P
HN) = arg max[(μ−QP

HN −ϕqP
HN + γϵPHN −w)qP

HN] (7)

When the manufacturer deviates from the pooling equilibrium, 
opting for either (QP

LH
∗ ,εP

LH
∗ ) or (QP

HH
∗ ,εP

HH
∗ ), the retailer interprets 

the market demand to be high, which leads to Equation 8: 

qP∗
LH(Q

P
LH, ϵ

P
LH) = arg max[(AH −QP

LH −ϕqP
LH + γϵPLH −w)qP

LH]

qP∗
HH(Q

P
HH, ϵ

P
HH) = arg max[(AH −QP

HH −ϕqP
HH + γϵPHH −w)qP

HH]
(8)

Proposition 3 describes the existence of a pooling equilibrium 
through which the manufacturer signals demand using production 
quantities and carbon emission reduction levels, and characterizes 
the optimal decisions of the manufacturer and retailer within this 
equilibrium.

Proposition 3: When 0 < γ < 2, 
√2(2+γ4)−2

γ2 < k < 1 and 1 < θ ≤
−8k−γ2(−3+λ)+k2γ2(−1+λ)
−8k−γ2(−4+λ)+k2γ2(−2+λ)

, the most effective pooling equilibrium exists 
for the manufacturer to signal market demand information through 
output and emission reduction level. 1) The L-type manufacturer’s 
output is lower than that under symmetric information, i.e., QP

LN
∗ <

QB
LL
∗ . 2) The L-type manufacturer’s emission reduction level is lower 

than that under symmetric information, i.e., εP
LN
∗ < ϵBLL

∗ . 3) According 
to the L-type manufacturer’s output and emission reduction level, 
the retailer’s order quantity is higher than that under symmetric 
information, i.e., qP

LN
∗ > qB

LL
∗  .

According to Proposition 3, manufacturer’s choices in 
production and carbon reduction are shaped by our main factors: 
the extent of market demand variability θ, the retailer’s prior 
probability λ, capacity for reducing carbon emissions k, and 
consumer preference for low-carbon products γ. Here, we focus on 
the impact of demand volatility. When 1 < θ ≤ −8k−γ2(−3+λ)+k2γ2(−1+λ)

−8k−γ2(−4+λ)+k2γ2(−2+λ)
, 

compared to symmetric information, the manufacturer has to 
choose a downward distorted production quantities and carbon 
emission reduction levels to achieve a pooling equilibrium. Since 
the manufacturer sets the same strategies, the retailer cannot update 
his market belief at this time and makes decisions based on prior 
information, resulting in a correspondingly higher order quantity 
than the order quantity level under low demand with symmetric 
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information. In a low-demand market scenario, the manufacturer 
reduces her production quantities and carbon emission measures 
to achieve the pooling equilibrium, but since the retailer makes 
decisions based on his prior concept of the market, the order 
quantity is relatively high; while in a high-demand market condition, 
the manufacturer reduces pooling production and carbon emission 
reduction levels, and the retailer, basing decisions on prior concept 
of the market, sets a relatively lower order quantity. Proposition 4 is 
established through the analysis of the manufacturer and retailer’s 
profitability in this pooling equilibrium. 

Proposition 4: In the pooling equilibrium, 1) The L-type 
manufacturer’s profit is lower than that under symmetric information, 
i.e., ΠP

LN(Q
P
LN
∗ , ϵPLN
∗ ) < ΠB

LL(Q
B
LL
∗ ,εB

LL
∗ ). 2) The retailer’s profit is higher 

than that under symmetric information, i.e., πP
LN(q

P
LN
∗ ) > πB

LL(q
B
LL
∗ ).

Proposition 4 indicates when the market is in a low-demand 
state, both the production and emission reduction levels decrease 
to achieve the pooling equilibrium. The retailer makes decisions 
based on their prior concept of the market, resulting in a relatively 
higher order quantity. Consequently, the manufacturer’s profit is 
correspondingly reduced. This reduction in profit represents the 
extra expense the manufacturer must incur to get this pooling 
equilibrium. As can be seen from Cao and Chen [43], when there 
is information asymmetry, it is always disadvantageous for the 
manufacturer to convey demand signals in any manner. For the 
retailer, increasing order quantities based on prior decisions is 
advantageous. 

5.3 Manufacturer’s signal strategies

In the previous section, we found that when there is asymmetric 
information about demand, the L-type manufacturer can signal 
demand market information to the retailer using both separating 
and pooling equilibrium strategies, we also obtained the ranges for 
these two equilibria. So, which strategy should the manufacturer 
choose to signal demand? Proposition 5 describes the signal 
strategies of the manufacturer under different circumstances.

Proposition 5: When 0 < γ < √3− 1, √ 3
2
+ 1

γ4 −
1
γ2 ≤ k ≤ γ

2
 and 

1 < θ ≤ 1+λ
λ

, the manufacturer chooses a pooling equilibrium 
strategy; otherwise, the manufacturer selects a separating 
equilibrium strategy.

Proposition 5 indicates that the manufacturer’s signaling 
strategy is dictated by factors such as market demand volatility θ, 
the prior probability of market demand λ, capacity for reducing 
carbon emissions k, as well as consumer preferences for low-carbon 
products γ. We explore the influence of each factor on the signaling 
strategy as follows:

Firstly, the manufacturer’s signaling strategy is affected by the 
market demand volatility θ. When demand volatility θ is small, 
manufacturer tends to prefer a pooling equilibrium for signaling. 
This is because, in a stable market environment, the manufacturer 
faces similar demand conditions, and the cost and complexity 
of signal are relatively low. A pooling equilibrium allows the 
manufacturer to send uniform signals, reducing signaling costs 
and minimizing market confusion, thereby efficiently coordinating 

market behavior. In contrast, in markets with high demand 
fluctuation, the manufacturer is more inclined to adopt a separating 
equilibrium strategy. In such environments, the uncertainty of 
market demand increases, and a separating equilibrium enables the 
manufacturer to send distinct signals based on her specific demand 
conditions and market judgments. This approach more accurately 
reflects true market information, enhances the credibility of signals, 
and allows market participants to better adjust her production 
and decision-making based on the signals. Although a separating 
equilibrium may incur higher signal and market coordination costs, 
it provides greater flexibility and adaptability in unstable market 
conditions, enabling the manufacturer to respond more effectively 
to sharp demand fluctuations.

Secondly, we find that demand volatility θ impacts the retailer’s 
prior probability of market demand λ, which in turn affects the 
manufacturer’s signaling strategy. When the proportion λ of the 
high-demand market type is large, implying a favorable market 
demand, the threshold for market demand variability decreases. The 
manufacturer has a smaller range for choosing a pooling equilibrium 
signaling strategy and a larger range for selecting a separating 
equilibrium signaling strategy. This is consistent with supply chain 
practices. Under optimistic expectations, the retailer actively adjusts 
inventory and procurement strategies. The manufacturer sends 
more accurate and differentiated signals regarding output and 
carbon reduction levels, better reflecting the current market demand 
situation. This strategy enhances the accuracy of signals, enabling 
the retailer to more accurately predict market dynamics and 
make more reasonable procurement decisions, thereby preventing 
inventory surplus or deficits. However, when the retailer holds a 
pessimistic view of market demand, the manufacturer tends to 
choose a pooling equilibrium to send signals. Under pessimistic 
expectations, the retailer may adopt a conservative procurement 
strategy. By sending consistent signals, such as maintaining the same 
output and carbon reduction levels, the manufacturer can reduce 
information complexity and alleviate the retailer’s concerns about 
market demand uncertainty.

Thirdly, a manufacturer with weaker carbon emission reduction 
capabilities (as indicated by a larger k value) is more likely to 
adopt a separating equilibrium to effectively send demand signals. 
Conversely, the stronger its carbon emission reduction capability (as 
indicated by a smaller k value), the more inclined it is to use a pooling 
equilibrium to signal. Specifically, a manufacturer with stronger 
carbon reduction capability tends to adopt a pooling equilibrium 
strategy to signal demand for low-carbon products. This approach 
allows it to demonstrate industry consensus and leadership, reduce 
market information confusion and transmission costs, and enhance 
consumer and retailer confidence in low-carbon products, thereby 
promoting overall market stability. However, a manufacturer with 
weaker carbon emission reduction capability is more likely to use 
a separating equilibrium strategy to send demand signals. This 
strategy enables it to adjust production and carbon reduction levels 
more precisely based on its actual capabilities and market feedback, 
avoiding signal rigidity and missed market opportunities due to 
capability limitations. Additionally, separating equilibrium provides 
flexibility for a manufacturer with weaker capabilities, allowing it to 
attract specific consumers or retailers through differentiated signals 
and enhance its competitiveness in a highly competitive market.
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Finally, when consumers pay little attention to whether a product 
is low-carbon as indicated by a smaller γ value), the manufacturer 
may deem sending differentiated signals meaningless. Consumers 
are unlikely to make significant purchasing distinctions based 
on such signals. In this case, the manufacturer prefers to send 
uniform signals by maintaining consistent production levels and 
carbon reduction efforts. This approach reduces signaling costs 
and avoids confusion from signal differences. Conversely, when 
consumers strongly prefer low-carbon products (i.e., when they 
heavily emphasize the low-carbon characteristics), the manufacturer 
finds sending differentiated signals more meaningful. The levels of 
production and carbon reduction directly reflect the manufacturer’s 
production capacity or market positioning for low-carbon products. 
By sending differentiated signals, the manufacturer can more 
accurately signal its market information and attract specific 
consumer types. This allows for better market segmentation and 
product positioning. 

6 Extensions

6.1 The impact of government subsidies on 
the supply chain

To promote green and low-carbon development, governments 
worldwide commonly provide subsidies to manufacturers of low-
carbon products to encourage environmentally friendly production 
[44]. In this context, this study extends the analysis to incorporate 
government subsidies and examines their impact on decision-making 
in a low-carbon supply chain under demand information asymmetry. 
Following the modeling approach of Yang and Xiao [45] and Dai et al. 
[46] for government subsidies, the unit product subsidy is defined as 
δϵ, where δ > 0 represents the unit product subsidy coefficient. We 
use the superscript G to denote government subsidies, then the profit 
functions of the retailer are given in Equation 9: 

πG
ij (q

G
ij ) = (Ai −QG

ij −ϕqG
ij + γϵGij −w)qG

ij (9)

and the manufacturer’s profit can be expressed as Equation 10: 

ΠG
ij (Q

G
ij , ϵ

G
ij ) = (p− c+ δϵGij )Q

G
ij −

k
2
ϵGij

2 (10)

Based on the above setup, this study focuses on the scenario 
where government subsidies and demand information asymmetry 
coexist, analyzing how a L-type manufacturer adjusts her output and 
emission reduction levels to convey private demand information to 
the retailer. By constructing and solving a corresponding signaling 
game model, we derive Proposition 6, which systematically reveals 
the impact of government subsidies on the manufacturer’s signaling 
strategy and the resulting equilibrium outcomes.

Proposition 6: When government subsidies are considered: 1) Under 
the conditions k > δ2, 0 < γ < 2√k− 2δ and 1 < θ ≤ 3, the most 
effective separating equilibrium exists where the manufacturer uses 
output and emission reduction levels to convey market demand 
information. In this case, both the output and carbon emission 
reduction level of the L-type manufacturer are higher than those 
without subsidies, and the retailer’s order quantity is also higher than

 its value without subsidies. 2) Under the conditions 1 < θ < λ2−2λ−3
λ2−4λ−1

,the 
most effective pooling equilibrium exists where the manufacturer 
uses output and emission reduction levels to convey market demand 
information. In this case, both the output and carbon emission reduction 
level of the L-type manufacturer are higher than those without subsidies, 
and the retailer’s order quantity is also higher than its value without 
subsidies. 3) Government subsidies influence the L-type manufacturer’s 
signaling strategies.

By comparing Proposition 6 with Propositions 1, 3, it can be 
observed that the introduction of government subsidies significantly 
alters the existence conditions and manifestations of supply chain 
signaling equilibria. Compared to the requirement of 0 < k < 1 for 
the separating equilibrium in Proposition 1, Proposition 6 allows the 
emission reduction cost coefficient to fall within a higher range (k >
δ2) under the subsidy scenario, indicating that the subsidy policy 
effectively alleviates the constraints faced by the manufacturer due 
to insufficient emission reduction technology, thereby broadening 
the applicability of the separating equilibrium. In terms of 
consumer preferences, the condition in Proposition 6 (0 < γ <
2√k− 2δ) is more stringent than the condition 0 < γ < 2√k− 2δ
in Proposition 1, reflecting that while subsidies enhance emission 
reduction capabilities, they also impose higher requirements on 
market green awareness. The introduction of government subsidies 
also significantly changes the existence conditions and performance 
of the pooling equilibrium. Proposition 3 shows that in the 
absence of subsidies, the existence of a pooling equilibrium 
requires the simultaneous satisfaction of strict constraints on 
emission reduction efficiency, consumer preferences, and channel 
competition intensity. In contrast, Proposition 6 simplifies the 
existence conditions of the pooling equilibrium under the subsidy 
scenario to primarily depend on the degree of demand fluctuation. 
This shift demonstrates that government subsidies, by altering the 
revenue structure of the manufacturer, reduce the sensitivity of the 
pooling equilibrium to other environmental parameters, thereby 
maintaining the effectiveness of signal transmission under more 
relaxed conditions.

More importantly, under both equilibria in Proposition 6, the L-
type manufacturer achieves higher output and emission reduction 
levels compared to the separating equilibrium without subsidies, 
while retailer order quantities also increase simultaneously. 
This indicates that government subsidies not only incentivize 
the signal sender but also benefit the signal receiver through 
demand expansion effects. By comparing the performance 
of supply chain members under symmetric and asymmetric 
information, we derive Proposition 7. 

Proposition 7: When government subsidies are considered, the 
performance of all supply chain members improves.

For the manufacturer, the subsidy directly reduces her unit 
emission reduction cost, enabling it to achieve higher marginal 
profit at any given emission reduction level. This incentivizes the 
manufacturer to simultaneously increase both output and carbon 
emission reduction levels. The higher emission reduction level 
enhances the green differentiation advantage of her products, 
helping to attract more consumers in the end market. The 
expansion of sales volume and the increase in per-unit profit 
margin together drive a significant rise in the manufacturer’s 
profit. For the retailer, the performance improvement stems from 
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TABLE 1  Optimal decision and profit levels for the supply chain under different wholesale price.

Decision and profit

  Wholesale pricemets 
w = 3 w = 4 w = 5 w = 6 w = 7 w = 8 w = 9 w = 10

QB
LL
∗ 56 57.14 58.29 59.43 60.57 61.71 62.86 64

εB
LL
∗ 42 42.86 43.71 44.57 45.43 46.29 47.14 48

qB
LL
∗ 54 53.14 52.29 51.43 50.57 49.71 48.86 48

ΠB
LL(Q

B
LL
∗ ,εB

LL
∗ ) 686 714.29 743.14 772.57 802.57 833.14 864.29 896

πB
LL(q

B
LL
∗ ) 1,458 1,412.08 1,366.9 1,322.45 1,278.73 1,235.76 1,193.51 1,152

QS
LL
∗ 53.81 54.41 55.01 55.61 56.22 56.82 57.43 58.04

ϵSLL
∗ 40.36 40.81 41.26 41.71 42.16 42.62 43.07 43.53

qS
LL
∗ 53.73 52.80 51.88 50.95 50.03 49.10 48.18 47.26

ΠS
LL(Q

S
LL
∗ , ϵSLL
∗ ) 684.95 712.65 740.79 769.38 798.42 827.91 857.85 888.23

πS
LL(q

S
LL
∗ ) 1,443.24 1,393.97 1,345.56 1,298.02 1,251.35 1,205.54 1,160.6 1,116.52

positive market externalities. The manufacturer’s enhanced emission 
reduction level, driven by the subsidy, boosts the overall appeal 
and competitiveness of green products in its channel. Facing 
increased demand, the retailer optimally responds by raising its 
order quantity from competing manufacturers. The growth in sales 
volume naturally leads to higher profit for the retailer. Under both 
symmetric and asymmetric demand information scenarios, both 
the manufacturer and the retailer can achieve Pareto improvements 
in performance. This underscores the vital role of government 
subsidies in stimulating market vitality and advancing the green 
transition. 

6.2 The impact of wholesale price on the 
supply chain

In the above model, the wholesale price w of the competitive 
manufacturer M2 is set as an exogenous variable. Given that changes 
in this price may influence the competitive dynamics between the 
manufacturer and the retailer, this section further investigates the 
mechanism through which exogenous wholesale price variations 
affect the decisions and profits of supply chain members. Following 
the analytical approach of Wu et al. [47] and adopting the parameter 
settings from Wang et al. [27], with AH = 140, Ai = AL = 50 , c =
2 , k = 1, γ = 1.5, and ϕ = 0.5, we calculate the decision variables 
and corresponding profits of the manufacturer and retailer under 
different wholesale price levels. The detailed numerical results are 
presented in Table 1.

Based on the results in Table 1, as the wholesale price w
set by competing manufacturer M2 increases, the retailer’s order 
quantity from M2 gradually decreases, while the manufacturer’s 
output and carbon emission reduction levels correspondingly rise. 
This change leads to a progressive decline in the retailer’s profit 
and a continuous increase in the manufacturer’s profit, indicating 

that higher wholesale prices place the retailer at a relatively 
disadvantaged position in supply chain competition.

Similar trends remain valid under asymmetric demand 
information. As w increases, the range of existence for both 
separating and pooling equilibria narrows. Taking the separating 
equilibrium as an example, the manufacturer still needs to 
downwardly distort output and carbon emission reduction levels 
to convey demand information to the retailer. With the rise in 
w, the degree of distortion required for effective signaling deepens. 
However, since the output expansion effect brought by the wholesale 
price increase is more substantial, the competitor’s wholesale price 
hike still exerts an overall positive impact on the manufacturer. 
For the retailer, after inferring the low-demand signal sent by the 
manufacturer, his ordering willingness further weakens. Meanwhile, 
the upstream manufacturer M2 raises the wholesale price, and under 
this dual effect, the retailer’s order quantity shrinks further, leading 
to a continuous decline in profit. It is worth noting that although 
the manufacturer’s output consistently exceeds the retailer’s order 
quantity, the manufacturer bears significant carbon emission 
reduction costs, resulting in the retailer’s profit being higher than 
the manufacturer’s profit. 

7 Numerical analysis

7.1 Equilibrium decisions and profit levels 
in the supply chain

Based on Wang et al. [27], we numerically simulate how demand 
volatility affects the decisions and profit levels of supply chain 
members. The parameter values are: Ai = AL = 50 , c = 2 , w = 5, k =
1 , γ = 1.5, and ϕ = 0.5.

Figure 1a presents the manufacturer’s output decisions under 
symmetric demand information and separating equilibrium, 
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FIGURE 1
Impact of θ on the manufacturer’s decisions. (a) Output (b) Emission reduction levels.

FIGURE 2
Impact of θ on the retailer’s decisions.

while Figure 1b displays the corresponding carbon emission 
reduction levels under these two scenarios. Under symmetric 
information, the manufacturer’s decisions remain unaffected by 
demand volatility. However, in environments with asymmetric 
information and mild market fluctuations, the L-type manufacturer 
must downwardly distort both output and carbon emission 
reduction levels below her optimal values under symmetric 
information to achieve effective signaling, thus resulting in lower 
values under the separating equilibrium. Similarly, the retailer’s 
decisions are also immune to demand volatility under symmetric 
information, whereas under asymmetric information with small 
market fluctuations, the retailer infers actual market conditions 
by observing the manufacturer’s signals and formulates ordering 
strategies accordingly. As shown in Figure 2, the retailer’s order 
quantity under such asymmetric information is consistently lower 
than the level observed under symmetric information.

Since the decisions of both the manufacturer and the retailer 
under asymmetric information are lower than those under 
symmetric information, their profits are accordingly reduced. 
As shown in Figure 3, under symmetric information, the profits 
of both the manufacturer and the retailer are independent of the 
demand volatility θ; under asymmetric information, however, their 
profits are highly sensitive to changes in θ, and the profit level under 
the separating equilibrium is significantly lower than that under the 
symmetric information scenario. 

7.2 Factors influencing signaling strategies

We explore how critical parameters (θ, λ, k and γ) influence 
the manufacturer’s signaling strategy across various scenarios. 
Similar to [17], these parameters are specified as follows: AH = 160,
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FIGURE 3
Impact of θ on the profits of supply chain members. (a) Manufacturer (b) Retailer.

FIGURE 4
Impact of θ on manufacturer’s signaling strategy.

AL = 50 , c = 2 and w = 5, ensuring non-negative decision variables 
and optimal solutions for both separating and pooling equilibria.

We analyze the influence of key parameters on the 
manufacturer’s signaling strategy by comparing her profit levels 
under separating and pooling equilibria. The parameter values are 
set with reference to Wang et al. [27]. When examining the effect 
of different parameters, we control for the remaining variables as 
follows: for θ, we set γ = 0.6, k = 0.28, and λ = 0.8; for λ, we set 
γ = 0.6, k = 0.28, and θ = 2.5; for k, we set γ = 0.6, λ = 0.5, and θ =
2.5; and for γ, we set k = 0.28, λ = 0.5 and θ = 1.5. In the figures, 
the vertical axis shows the profit difference between the L-type 
manufacturer between the separating equilibrium and the pooling 
equilibrium.

Figure 4 illustrates how market demand volatility influences the 
manufacturer’s signaling strategy. When market demand fluctuates 
slightly, the manufacturer tends to prefer a pooling equilibrium 
for signaling. In contrast, in markets with significant demand 

volatility, the manufacturer is more inclined to adopt a separating 
equilibrium strategy. A pooling equilibrium is advantageous 
in stable markets as it simplifies information processing and 
enables quicker market responses to signals. Conversely, while a 
separating equilibrium increases information complexity, it provides 
richer and more precise information in volatile markets, thereby 
enhancing overall market efficiency and coordination. Figure 5 
demonstrates that if the retailer is optimistic about the consumer 
demand for low-carbon products (i.e., when λ is large), the 
manufacturer is more likely to choose a separating equilibrium 
to send signals. However, if the retailer has a negative outlook 
on market demand (i.e., when λ is small), the manufacturer 
may be more likely to opt for a pooling equilibrium to simplify 
information and alleviate the retailer’s concerns about demand
uncertainty.

Figures 6, 7 show how carbon emission reduction 
capability and consumers preference for low-carbon product 
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FIGURE 5
Impact of λ on manufacturer’s signaling strategy.

FIGURE 6
Impact of k on manufacturer’s signaling strategy.

affect the manufacturer’s signaling methods within the 
supply chain. Figure 6 indicates that a manufacturer with 
stronger carbon emission reduction capabilities prefers 
employing a pooling equilibrium to send demand signals 
for low-carbon products, while one with weaker capabilities 
prefers a separating equilibrium. As the consumers 
preference coefficient for low-carbon product decreases, 
the manufacturer tends to adopt a pooling equilibrium, as 
illustrated in Figure 7; conversely, as this coefficient increases, 
the manufacturer tends to adopt a separating equilibrium for
signaling demand. 

8 Conclusion

Low-carbon supply chains have become a key pathway for 
companies to achieve sustainable development and enhance their 
market competitiveness within the global transition toward low-
carbon practices. However, the issue of demand information 
asymmetry is prevalent and has a profound impact on the 
smooth functioning and harmonious collaboration within the 
supply chain. This study examines the supply chain, which 
includes a manufacturer that produces and sells its own low-
carbon products and a retailer focused on acquiring low-carbon 
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FIGURE 7
Impact of γ on manufacturer’s signaling strategy.

products from other upstream manufacturers. Additionally, 
it considers the separating and pooling equilibria, where 
this manufacturer holds private demand signals and conveys 
these signals to the retailer through production quantities and 
carbon emission reduction levels. We further examine how the 
manufacturer’s signaling strategies are depended on elements such 
as demand volatility, the retailer’s prior probability, its capacity 
for reducing emissions, and consumer preference for low-carbon
products.

Our research findings indicate that the manufacturer signals 
market demand by downwardly distorting production quantities 
and emission reduction levels. Signaling is always disadvantageous 
for the manufacturer. Retailer’s interests are compromised under the 
separating equilibrium but benefit under the pooling equilibrium. In 
our numerical analysis, we observed that when demand variation is 
minimal, the manufacturer tends to choose the pooling equilibrium 
strategy. By sending consistent signals, she reduces the cost of 
information transmission and promote market coordination and 
stability. When market demand volatility is high, the manufacturer 
tends to adopt the separating equilibrium strategy. By sending 
differentiated signals, she can better reflect changes in market 
demand and enhance market adaptability and flexibility. Retailer’s 
optimistic or pessimistic expectations about market demand also 
indirectly influence manufacturer’s signaling strategy choices. When 
retailer is optimistic, manufacturer is inclined to adopt the 
separating equilibrium to improve signal clarity. However, when 
retailer is pessimistic, manufacturer opts for the pooling equilibrium 
strategy to reduce the risk of market confusion. The manufacturer’s 
carbon emissions reduction capabilities also significantly impact her 
signaling strategies. The manufacturer with strong carbon emission 
reduction capabilities is more inclined to signal demand through 
the pooling equilibrium, demonstrating industry consensus and 
leadership. In contrast, manufacturer with weaker capabilities opts 
for the separating equilibrium strategy, flexibly adjusting signals 

to reflect her capabilities and demands. Consumers’ preferences 
further influence manufacturer’s signaling decisions. When there 
is a decline in consumer demand for low-carbon product, the 
manufacturer tends to adopt the pooling equilibrium strategy to 
reduce the complexity of signaling. However, when consumer 
preferences are high, the manufacturer chooses the separating 
equilibrium strategy to precisely signal demand and attract specific 
consumer groups.

This study advances the understanding of low-carbon supply 
chain management in several key dimensions: (1) While existing 
research has primarily focused on carbon reduction issues where 
participants share common information about demand markets, 
it neglects how the manufacturer producing low-carbon products 
communicate demand signals and her impact mechanisms under 
demand information asymmetry. This study fills this research gap 
by thoroughly examining how manufacturers achieve effective 
communication through signaling strategies under information 
asymmetry, offering new theoretical perspectives for the supply 
chain management. (2) Existing signaling literature has largely 
focused on traditional supply chain environments with limited 
systematic attention to low-carbon issues. This paper innovatively 
constructs a signaling model that incorporates carbon reduction 
levels. Compared to existing literature, this model offers greater 
integration and practical relevance, more comprehensively 
capturing the complex interrelations in low-carbon supply
chains.

Finally, this paper identifies several limitations of the current 
model and suggests corresponding directions for future research. 
First, in terms of model specification, this study employs a 
linear demand function and does not account for fixed costs. 
Future research could introduce nonlinear demand functions 
and incorporate fixed cost structures to enhance the model’s 
realism and explanatory power. Second, to focus on the vertical 
signaling mechanism between the manufacturer and the retailer,
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the wholesale price of the competing manufacturer is assumed to 
be exogenously given. Subsequent studies could endogenize the 
pricing behavior of the competing manufacturer to explore the 
impact of horizontal signaling interactions between manufacturers 
on equilibrium outcomes. Third, this study concentrates on 
the dual-signal scenario involving output and carbon emission 
reduction levels, while in reality, firms may employ various signaling 
tools such as pricing and third-party certifications. Therefore, 
systematically comparing the effectiveness and applicable conditions 
of different signaling mechanisms represents an important 
direction for future research. Lastly, this paper assumes that the 
manufacturer possesses complete demand information, which 
differs from the real world scenario where firms obtain probabilistic 
forecasts through market research. Future work could extend 
the information structure to incorporate prediction distributions 
with varying levels of accuracy, thereby exploring the equilibrium 
properties of signaling within a more generalized informational
framework.
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