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• Two power strategies are formulated for energy supply chain operations
• A two-pronged approach to technology development and green education can better drive manufacturers to use marine energy.
• Economic and environmental performances under four strategy combinations are evaluated
• Consumers’ green concern may lead to a worse environmental performance under certain conditions
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A B S T R A C T

Marine energy, as a renewable and environment-friendly energy, has presented promising solutions amid con-
sumers’ green concerns. However, manufacturers have to take the risk of marine energy’s supply instability and
green competition with market competitors. This study therefore investigates two competing manufacturers’
equilibrium power strategies when they decide whether to use marine energy. We define the manufacturer’s use
of electricity from a fossil fuel power supplier as strategy T, and from a marine energy power supplier as strategy
M. Our findings indicate that four strategy combinations may sustain as the equilibriums: (T,T), (M,T), (T,M)

and (M,M), depending on the sophisticated interactions of consumers’ environmental concerns, marine energy
stability and competition intensity. We identify the marine energy advantage and the demand shrinking effect to
interpret the main findings. The marine energy advantage refers to the increased demand from eco-friendly con-
sumers when using marine energy. The demand shrinking effect refers to the narrowing of demand due to
increasing product homogeneity. We further find that the different competition landscapes drive power suppliers
to adjust their power prices and thus affect the equilibriums, which is defined as the power price effect. Inter-
estingly, we show that consumers’ green concern may lead to a worse environmental performance because green
demand is created but marine energy supply instability will induce the manufacturer with a larger demand size
to opt for polluting and stable fossil energy power.

1. Introduction

In recent years, the exploration of alternative energy sources has
become imperative in the face of growing environmental concerns and
the need for sustainable energy solutions. The potential of marine en-
ergy is undeniable, as highlighted by the Intergovernmental Panel on
Climate Change (IPCC) report, which shows the potential of marine
energy can reach 7400 EJ/year, far exceeding humanity’s current and
future energy needs [1]. Similarly, the International Renewable Energy

Agency notes that marine energy could meet more than twice the cur-
rent global electricity demand [2]. Keeping these forecasts in mind,
many countries, especially those with limited land-based resources,
have actively declared their commitment to the vigorous development
of marine energy.

A notable example is the UK, which indicates considerable marine
energy resources of high quality need to be exploited to make marine
energy an important part of the government’s energy mix [3-5]. Den-
mark’s government has similarly launched an agreement to double its
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commitment to Energy Island and dedicate more of its sea area to marine
energy development [6]. Meanwhile, we observe that more and more
giant companies are willing to use sustainable energy sources in their
production processes [7,8]. For example, Apple, Microsoft, and Google
have made significant strides in this regard by joining the RE100
initiative, which requires the participating companies to commit to
using exclusively green power by 2050 [9,10]. Some pioneer companies
have already transitioned to 100% renewable energy in manufacturing.
For instance, White Wave’s Silk and Horizon brands are produced
entirely using renewable energy sources (Science [11]), which can be
labeled with eco-friendly symbols on the packages such as the famous
“Green-e®” logo to attract consumers with environmental concerns [7].
Similarly, Tsingtao Brewery, a Chinese beer company, uses 100%
renewable energy in the production of its 31 factories [12].

However, when it comes to marine energy, the use becomes a
double-edged sword: Marine energy relies on the natural environment
so the supply is subject to significant uncertainty, making it challenging
to accurately predict the long-term energy output [1,13,14]. Conse-
quently, manufacturers who aim to exclusively utilize marine energy in
their production processes may encounter difficulties due to the insta-
bility of the energy supply. This instability can lead to significant yield
problems, where the successful product output in due time will be a
proportion of the order quantity [8]. We note that most of the existing
research has focused on manufacturers’ power strategy without the
consideration of downstream market competition and the interaction
with the upstream energy suppliers’ decisions. The investigation of
unstable energy supply also appears new because previous literature has
mainly revealed the environmental value of renewable energy (e.g.,
marine energy) but ignored the dark side of using such energy, i.e., the
supply instability issue.

The above discussions and observations lay the fundamental moti-
vation for our study. We aim to show the manufacturers’ strategic de-
cisions in using fossil fuels or marine energy, especially when
downstream competition is taken into account. we raise the following
questions:

• What’s the power strategy in equilibrium? What are the underlying
driving forces?

• Will the manufacturers’ power strategy really improve environ-
mental sustainability?

We develop a three-stage optimization model with four strategy
combinations to answer the forgoing questions. There are two
competing manufacturers who have the option to choose different
power suppliers, they can either use fossil power or marine energy for
production. Opting for marine energy, the manufacturer can sufficiently
attract green-minded consumers so demand creation by eco-friendly
consumers is expected, but it comes along with production yield un-
certainty problems due to the supply instability associated with marine
energy. Note that, the higher the technology level of marine energy, the
lower the supply instability and hence, the slighter the production yield
problem.

Our findings reveal that the use of marine energy is positively
influenced by the attractiveness of green-minded consumers. We refer to
this as the marine energy advantage, which will be amplified if the yield
problem is not significant. As the product homogeneity increases, the
demand size becomes narrower, leading to smaller manufacturers’ order
quantities. We refer to this as the demand shrinking effect. Further, the
power supplier(s) will adjust power prices to influence intensified
competition in downstreammarkets, which we refer to as the power price
effect. When the two manufacturers’ products are very heterogeneous/
homogeneous, they will be more likely to use fossil/marine energy,
depending on the interaction of the three effects mentioned above.
Otherwise, when their products’ differentiation is of a moderate degree,
the two manufacturers will be more inclined to choose different power
suppliers, resulting in asymmetric strategy equilibrium. By this two

manufacturers will compete differentiatedly because one benefits from
the marine energy advantage while the other benefits from lower power
price due to the power price effect. Surprisingly, we find that with a
substantial marine energy advantage, the manufacturer with weak brand
competitiveness will use marine energy, while the more brand-
competitive manufacturer with a larger demand size and incurring
more carbon emissions will choose the polluting fossil power. Compared
with the literature, we reveal an interesting finding that using marine
energy may have an adverse effect on environment. We extend Niu et al.
[8] and Rajabzadeh and Wiens [15] by exploring the power strategy
choice game between competing manufacturers. We also show how the
energy suppliers’ dynamic pricing behavior interacts with unstable en-
ergy supply and consumers’ environmental concerns.

Next, we will review the relevant literature in section 2. Section 3
introduces the model setting. We analyze the equilibrium outcomes in
Section 4 and further study the environmental performance in Section 5.
A numerical study based on real-world data is adopted to elucidate our
results in Section 6. Section 7 examines (1) consumer preferences for
different strategy combinations; (2) the impact of fossil fuel cost; and (3)
the impact of carbon emission from marine energy power. Section 8
concludes this paper and discusses several future research directions.
For the sake of brevity, we put all the proofs in the Appendix.

2. Literature review

This study is closely related to the literature on energy supply chain.
Considering the uncertainty of demand and fuel costs, Wang et al. [16]
examine firms’ capacity decisions under the trade-offs between tradi-
tional and sustainable technologies. Yang et al. [17] optimize the time-
of-use pricing strategies in an energy supply chain. Dong et al. [18]
analyze optimal capacity investment and pricing decisions for electricity
companies under stochastic demand. With the consideration of envi-
ronmental risk and seasonal biomass supply, Fattahi et al. [19] explore
the planning of a biomass power generation system. Xu et al. [20]
incorporate oil-gas recovery into the green vehicle routing problem in
refined oil distribution. Niu et al. [8] investigate a manufacturer’s power
strategy based on a supply chain consisting of a wind power supplier, a
regular power supplier, and a greenmanufacturer. They further examine
the impact of power strategy on environmental and social welfare. Xu
et al. [21] study gasoline stations’ replenishment strategies considering
overlapping time windows of multiple tanks. Rajabzadeh and Wiens
[15] analyze manufacturer’s power strategy from renewable and fossil
fuel power plants in a cooperative and non-cooperative environment,
focusing on the resilience and sustainability of the energy supply chain.
Xu et al. [22] propose a sustainable development benchmarking
framework for energy firms in the oil and gas industry. Our research is
related to the works conducted by Niu et al. [8] and Rajabzadeh and
Wiens [15]. However, unlike these studies, which focus on the power
strategy of a single manufacturer, we examine the equilibrium power
strategies of two competing manufacturers with different market posi-
tions. Our analysis assesses overall profitability and environmental
performance, indicating that using marine energy may have adverse
environmental effects.

This study is also closely related to the literature on sustainable
operations. Zhu et al. [23] indicate that supply chain and consumer
pressures can compel manufacturers to adopt green practices. Bai and
Sarkis [24] propose a method to assess supplier selection based on
sustainability factors. Zhang et al. [25] explore the role of managers in
translating external pressures into corporate energy efficiency practices.
Chen and Chen [26] investigate the relationship between energy use and
carbon emissions. In view of the unstable nature of wind power gener-
ation, Ding et al. [27] explore the strategic choices of wind power
integration under different conditions. Dong et al. [28] investigate the
supply chain performance and environmental impact under different
investment entities that can invest in green product development. Shen
et al. [29] develop a game-theoretic model to investigate the impact of
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selling green and non-green products in a supply chain on consumer
surplus, the environment, and social welfare. Chen et al. [30] proposed a
methodology to unify the interpretation of urban carbon footprints.
Further, Chen et al. [31] assess and compare the carbon emissions of
different cities in different countries with a view to supporting decision-
making on carbon neutrality. Shen et al. [32] examine the impact of
green technology adoption and environmental taxes on the textiles and
apparel supply chain. Zhou et al. [33] analyze the rebound effect, where
energy efficiency improvements lead to increased energy consumption
in China’s manufacturing subsectors. For industrial parks using multiple
energy sources, Hui et al. [34] propose a method to portray their
multi-energy adjustment capability. Zhang et al. [35] explore future
fossil fuel phase-out pathways in China. Focusing on the relationship
between urban spatial structure and commuting emissions, Zhang et al.
[36] find that polycentric structures have lower carbon emissions.

Many studies have also focused on the environmental impacts of
renewable energy such as solar, wind, and marine energy. For example,
Aflaki and Netessine [37] analyze an electricity supplier’s incentives to
invest in renewable energy capacity. Salvador et al. [38] assess the
challenges and problems for offshore marine energy facilities in Spain.
Hoang et al. [39] provide an in-depth analysis of the integration of
renewable energy forms into city energy systems based on techno-
economic criteria. Rahman et al. [40] explore the environmental
impact of renewable energy from the perspective of power plants.
Theodora and Piperis [41] explore development prospects for marine
energy and identify key issues for sustainable energy policies. Jamali
et al. [42] analyze energy procurement and digitalization strategies in
the industrial sector using renewable energy. Cui and Zhao [43] provide
a comprehensive review of the environmental implications of marine
marine energy technology. Xiao et al. [14] examine how the virtual
power plant with risk-seeking can balance potential high profits and
extreme losses. Compared to the previous literature, this study is related
to the works like Chen and Chen [26], Ding et al. [27], Hui et al. [34]
and Xiao et al. [14], considers the supply instability of renewable en-
ergy, but focuses specifically on the power strategies of two competing
manufacturers. Unlike Jamali et al. [42], who examine choices among
different renewable energy suppliers, our study involves two competing
manufacturers who can choose energy from either a traditional fossil
fuel power supplier or a marine energy supplier, resulting in four distinct
equilibriums. Additionally, differing from the studies by Chen and Chen
[26], Chen et al. [30] and Zhang et al. [35], we focus on the environ-
mental impact arising from different power strategy equilibriums. This
focus is critical because the instability of marine energy supply and the
environmental concerns of consumers can significantly influence the
sustainability and economic viability of manufacturers’ decisions.

There is a growing literature on demand creation due to the decision-
maker’s efforts /investments, which is closely related to this work.
Works such as Ge et al. [44]; Dong et al. [45]; Hu et al. [46]; Niu et al.
[47]; Niu et al. [48]; Niu et al. [49] have investigated demand creation
induced by R&D investment, sustainable investment, innovation, and
quality promoting effort. Ge et al. [44] examine the motivations of two
firms in a supply chain to collaborate on R&D investment. Dong et al.
[45] study the retailer’s order quantity and the manufacturer’s sus-
tainability investment in a decentralized supply chain, and further
identify how the different contracts coordinate the supply chain. Hu
et al. [46] reveal that the impact of potential innovation spillovers may
make outsourcing manufacturing to the rival beneficial for the inno-
vator. Niu et al. [47] examine the supply chain members’ investments in
quality promotion under different procurement structures and the
preferences for procurement cooperation. Niu et al. [48] investigate the
impact of market saturation and consumer environmental awareness on
firms’ carbon reduction efforts. Niu et al. [49] investigate how devel-
oping countries can induce the multinational firm to source locally by
adjusting tariff and improving the carbon emission reduction efficiency
of domestic manufacturers. Similar to Dong et al. [45] and Niu et al.
[49], our research acknowledges the influence of consumers’

environmental concerns on demand creation. However, what sets our
paper apart is the inclusion of additional factors such as supplier’s
pricing dynamics, downstream competition, and supply instability. We
aim to analyze the combined impact of these factors alongside demand
creation on the manufacturers’ power strategies. Understanding these
dynamics is essential for developing robust power strategies that bal-
ance profitability with environmental sustainability in a competitive
market.

In summary, this paper captures consumer environmental concerns
and marine energy supply instability, two key factors that realistically
influence manufacturers’ energy strategies, and analyzes manufac-
turers’ equilibrium energy strategies in a competitive environment. In
addition, this paper also analyses the environmental performance under
different power strategy combinations, providing effective managerial
insights for the government and manufacturers. To ensure clarity and
brevity, we present Table 1 to compare this work with the most relevant
studies.

3. Model setting

Consider two competing manufacturers, m1 and m2 (denoted by
i ∈ {1,2}). Typical examples are Tsingtao Brewery and China Resources
Beer, which are rivals in the Chinese market. Tsingtao Brewery initiated
its transition to green energy early and, by the end of 2023, had 31
factories exclusively powered by renewable sources [12]. At the same
time, China Resources Beer is in the initial stages of building its first
zero‑carbon factory [50]. Therefore, they can choose either a fossil
power supplier or a marine energy supplier to obtain power for pro-
duction. The manufacturers’ products are substitutable in the down-
stream market, so manufacturer i’s inverse demand function is:

pi = a − qi − biqj, i, j = 1,2; i ∕= j，where pi is the market price of the
manufacturer i’ products, qi is the quantity, and bi portrays the effect of
the rival’s production quantity on the output of manufacturer i’s pro-
duction quantity. To better depict the reality of the situation, Manu-
facturer 1 is assumed to have a stronger brand advantage, so we have
b2 = 1, and 0 < b1 ≤ 1 [51]. For simplicity, we let b1 = b. Based on the
chosen power supplier, the manufacturers’ energy strategies are as
follows:

1. Strategy T: Electricity is obtained from the fossil power supplier at a
power price per unit production quantity wi, i ∈ {1,2}.

Table 1
The position of this work

Literature energy
supply
instability

power
suppliers’
pricing
dynamics

environment
impact

manufacturers’
power strategy

Chen and
Chen [26] ✓

Chen et al.
[30] ✓

Ding et al.
[27]

✓ ✓

Dong et al.
[45]

✓

Hui et al. [34] ✓
Jamali et al.
[42] ✓ ✓

Niu et al. [8] ✓ ✓ ✓
Niu et al. [49] ✓
Rajabzadeh
and Wiens
[15]

✓ ✓

Xiao et al.
[14] ✓

Zhang et al.
[35] ✓

This paper ✓ ✓ ✓ ✓
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2. Strategy M: Electricity is obtained from the marine energy supplier
at a price per unit production quantity wi, which enables products to
be certified as green. Consumers favor environment-friendly prod-
ucts, thus creating extra demand θ.

We abbreviate strategy T and strategyM as T andM, respectively. Let
Si represent the power strategy of Manufacture i, Si ∈ {T,M}. Thus, the
manufacturers’ power strategy matrix is (S1, S2) ∈ {(T,T), (T,M)

, (M,T), (M,M)}. We use superscript H ∈ {TT,TM,MT,MM} to denote
each scenario. Fig. 1 illustrates the supply chain structures for these four
scenarios.

It is worth noting that the marine energy supplier can not provide
enough power in due time because of the marine energy’s instability,
which directly causes the manufacturer using marine energy power to
suffer the instability of the production quantity [1,8,13,14]. It turns out
to be that “order qi, receive ϵqi (denoted as q̃i below)” [52], random
variable ϵ ∈ [0,1] (with mean μ and variance σ2) labels Manufacture i’s

yield rate [53]. Further, we denote λ =
(

μ
σ

)2
as the technology level

[54], with the negative impact of output instability decreasing on λ.
Notations and profit functions are summarized in Table 2 and Table 3.

The sequence of events is as follows. First, manufacturers choose the
power suppliers respectively. Second, the chosen power supplier(s)
determine(s) the unit power price. Third, manufacturers determine their
production quantities. The equilibrium outcomes are obtained by
backward induction and all the equilibrium outcomes are placed in the
Appendix. To avoid trivial cases, a > 2θλ

6λ− bλ+8 is required.

4. Analysis

We first discuss the sensitivity analysis results in each scenario (i.e.,
(T,T), (T,M), (M,T), and (M,M)) and then derive the equilibrium power
strategies in Section 4.5.

4.1. Benchmark: Scenario (T,T)

Lemma 1. Sensitivity analysis of the power prices and production quan-

tities in scenario (T,T) w.r.t. b yields: ∂wTT
1

∂b < 0, ∂wTT
2

∂b > 0 and ∂qTTi
∂b < 0 always

holds, where i ∈ {1,2}.

Lemma 1 reveals that, in scenario (T,T), as b increases, Manufacturer
2’s product becomes more homogeneous to its rival’s. This causes the
fossil power supplier to lower the power price for Manufacturer 1 and
increase it for Manufacturer 2. The supplier aims to benefit from a larger
purchase volume from the more profitable Manufacturer 1 and a higher
profit margin from the less profitable Manufacturer 2, despite shrinking

demand (∂q
TT
i

∂b < 0). Naturally, the changes in power prices resulting from
product homogeneity also impact downstream quantities, we refer to it
as the power price effect. However, will Manufacturer 1’s order quantity
really increase as the power price decreases? Lemma 1 gives an inter-
esting answer. That is, for Manufacturer 1, a lower power price does not

necessarily induce it to place a larger order size. The reason is as follows.
Increased product homogeneity shrinks the overall market potential.
That is, the consumer market in which the two manufacturers can
compete becomes narrower, leading to smaller manufacturers’ order
quantities [55]. We refer to this as the demand shrinking effect.Obviously,
when both manufacturers use fossil power, the demand shrinking effect

dominates the power price effect, resulting in the coexist of ∂wTT
1

∂b < 0 and
∂qTT1
∂b < 0.

4.2. Scenario (M,T)

Lemma 2. Sensitivity analysis of power prices and production quantities in

scenario (M,T) w.r.t. λ and θ yields: ∂(E[wMT
i ] )

∂λ < 0, where i ∈ {1,2};

Fig. 1. The illustration of four scenarios.

Table 2
Notations

Notations Definitions

pHi
The market price of the manufacturer i’s product in Scenario H, where
i ∈ {1, 2}.

qHi Manufacturer i’s production quantity in Scenario H, where i ∈ {1, 2}.

q̃i
The actual output of Manufacturer i who uses marine energy, where
i ∈ {1, 2}.

wH
i The power price of the manufacturer i in Scenario H, where i ∈ {1, 2}.

a The market potential.
θ Demand creation by eco-friendly consumers.
ϵ The yield rate of the manufacturer’s production under strategy M.

λ The technology level, λ =
(μ

σ

)2
.

bi
Homogeneity of rival’s products compared with manufacturer i’s,
i ∈ {1, 2}.

πHi Manufacturer i’s profit in Scenario H.

Subscript Players
T The fossil power supplier.
M The marine energy supplier.
i Designation of the two competing manufacturers, i ∈ {1, 2}.

Table 3
Profit functions for the two manufacturers

m2

T M

m1

T
πTTt = qTT1 wTT

1 + qTT2 wTT
2

πTTi =
(
pTTi − wTT

i
)
qTTi , i ∈ {1, 2}

πTMt = qTM1 wTM
1

πTMm = q̃TM2 wTM
2

πTM1 =
(
pTM1 − wTM

1
)
qTM1

πTM2 =
(
pTM2 − wTM

2
)
q̃TM2

M

πMT
t = q̃MT

1 wMT
1

πMT
m = qMT

2 wMT
2

πMT
1 =

(
pMT
1 − wMT

1
)
q̃MT
1

πMT
2 =

(
pMT
2 − wMT

2
)
qMT
2

πMM
m =

(

q̃MM
1 wMM

1 + q̃MM
2 wMM

2

)

πMM
i =

(
pMM
i − wTT

i
)
q̃MM
i , i ∈ {1, 2}
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∂
(
E
[
q̃
MT
1

])

∂λ > 0 and ∂(E[qMT
2 ] )

∂λ < 0; ∂(E[wMT
1 ] )

∂θ > 0 and ∂(E[wMT
2 ] )

∂θ < 0;

∂
(
E
[
q̃
MT
1

])

∂θ > 0 and ∂(E[qMT
2 ] )

∂θ < 0.

When only Manufacturer 1 uses marine energy, as λ increases, both
suppliers will lower their power prices. This is because, in scenario
(M,T), the power price can be divided into two parts: the risk-free part
and the at-risk part. We have:

wMT
1 =

a( − 8+ 3b) + ( − 8+ b)θ
− 16+ b

⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏟
the risk− free part(>0)

+
2b(a(4+ b) + 4θ )

( − 16+ b)( − 16+ ( − 16+ b)λ )
⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏟

the at− risk part(>0)

;

wMT
2 =

a( − 6+ b) + 2θ
− 16+ b

⏟̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏟
the risk− free part(>0)

+
8(a(4+ b) + 4θ )

( − 16+ b)( − 16+ ( − 16+ b)λ )
⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏟

the at− risk part(>0)

.

The risk-free part is independent of λ. The at-risk part, on the other
hand, induces a risk cost in the presence of supply instability. Therefore,
suppliers respond by curbing planned production through higher power
prices. When technological advancements reduce supply instability, the

at-risk part will also decrease, leading to ∂(E[wMT
1 ] )

∂λ < 0. Considering the
marine energy supplier’s price cut, the fossil power supplier will also
lower wMT

2 . However, Manufacturer 2’s demand size will decrease
despite the fossil power supplier’s price cut. The result is the following:
On the one hand, lower power price stimulates Manufacturer 1 to pro-
duce more. On the other hand, as the marine energy technology level
increases, Manufacturer 1’s actual output grows, which crowds out
Manufacturer 2’s demand size.

The impact of θ is intuitive. A large θ indicates that more consumers
preferring eco-friendly products are attracted, which will undoubtedly
lead to a larger demand size for Manufacturer 1. Considering this, the
marine energy supplier will increase the power price to capture down-
stream advantage. Meanwhile, the fossil power supplier has to lower the
power price to stimulate its buyer to place a larger order.

According to Lemma 2, a large θ is better for the manufacturer who
uses marine energy. We refer to it as the marine energy advantage. As λ
increases, this advantage will become more prominent.

Lemma 3. Sensitivity analysis of power prices and production
quantities in scenario (M,T) w.r.t. b (yields)

(1) ∂(E[wMT
i ] )

∂b < 0, where i ∈ {1,2};

(2)
∂
(
E
[
q̃
MT
1

])

∂b > 0 when (i) 4a+aλ
3λ < θ < θ1 and b < b1; (ii) θ > θ1;

Otherwise,
∂
(
E
[
q̃
MT
1

])

∂b < 0;

(3) ∂(E[qMT
2 ] )

∂b > 0 when (i) θ < θ2; (ii) θ2 < θ < 12a+7aλ
5λ and b < b2;

Otherwise, ∂(E[qMT
2 ] )

∂b < 0.

Lemma 3 shows that b brings different impacts in scenario (M,T).
The reasons are as follows. When Manufacturer 1 uses marine energy,
competition in the supply chain shifts from purely downstream
competition to chain-to-chain competition, which undermines the sup-
plier’s monopoly advantage. When competition intensifies as product
homogeneity increases (i.e., b increases), suppliers under chain-to-chain
competition have no choice but to lower power prices to stimulate their
downstream buyers to place a larger order (with hope).

Interestingly, Lemma 3(2) and (3) show that both q̃1 and q2 may
increase as competition intensifies. We use Corollary 1 to explain the
underlying reasons.

Corollary 1. The second-order mixed partial derivative of power prices
and production quantities in scenario (M,T) w.r.t. b and θ yields: (1)

∂2(E[wMT
i ] )

∂b∂θ < 0, where i ∈ {1,2}; (2)
∂2
(
E
[
q̃
MT
1

])

∂b∂θ > 0 and ∂2(E[qMT
2 ] )

∂b∂θ < 0.

Corollary 1 indicates how θ affects the power price effect and the de-
mand shrinking effect. Note that, the power prices of both the marine
energy supplier and the fossil power supplier (i.e., wMT

1 and wMT
2 ) fall

with b in scenario (M,T). According to Corollary 1(1), the increase in θ
enhances the power price effect in scenario (M,T). This is because a large θ
puts products that are not produced with marine energy at a competitive
disadvantage and thus causes the fossil power supplier to further lower
the power price, pushing the upstream into the price war. Consequently,
the marine energy supplier, in turn, has to also lower the power price.

According to Corollary 1,
∂2
(
E
[
q̃
MT
1

])

∂b∂θ > 0 and ∂2(E[qMT
2 ] )

∂b∂θ < 0 hold. This
indicates that a large θ will dampen the impact of the demand shrinking
effect on Manufacturer 1 while amplifying that on Manufacturer 2.

As a result, a large amount of green-minded consumers for Manu-
facturer 1 (i.e., θ > θ1) will enhance the marine energy advantage and
amplify the power price effect. On the other hand, the demand shrinking
effect will be suppressed, which renders q̃1rise in b. When θ is moderate
(i.e., 4a+aλ

3λ < θ < θ1), the power price effect dominates only when b is small
(i.e., b < b1). Otherwise, the cut-throat competition will make the de-
mand shrinking effect dominate, and hence q̃MT

1 falls with b.
In contrast, for Manufacturer 2, although a large θ allows it to benefit

from a low power price, this meager benefit cannot cover the disad-
vantages from the rival’s marine energy use. Therefore, only when θ is
sufficiently small (i.e., θ < θ2), or θ is moderate and b is small (i.e., θ2 <
θ < 12a+7aλ

5λ and b < b2), can the benefit from the power price effect over-
ride these disadvantages, which allows q2rise in b and thus Manufacturer
2 obtains a larger demand size.

4.3. Scenario (T,M)

Lemma 4. Sensitivity analysis of power prices and production quantities in

scenario (T,M) w.r.t. λ and θ yields: ∂(E[wTM
i ] )

∂λ < 0, where i ∈ {1,2};

∂(E[qTM1 ] )
∂λ < 0 and

∂
(
E
[
q̃
TM
2

])

∂λ > 0; ∂(E[wTM
1 ] )

∂θ < 0 and ∂(E[wTM
2 ] )

∂θ > 0; ∂(E[qTM1 ] )
∂θ <

0 and
∂
(
E
[
q̃
TM
2

])

∂θ > 0.
Similar to Lemma 2, Lemma 4 highlights the benefit from the marine

energy advantage. The difference is that in scenario (T,M), the benefit
accrues to Manufacturer 2. Given the analogous mechanism to Lemma 2,
we omit the explanation for Lemma 4 and focus on the effect of b
(instead)

Lemma 5. Sensitivity analysis of power prices and production quantities in

scenario (T,M) w.r.t. b yields: ∂(E[wTM
i ] )

∂b < 0, where i ∈ {1,2}; ∂(E[qTM1 ] )
∂b < 0

and
∂
(
E
[
q̃
TM
2

])

∂b > 0.

Lemma 5 reveals that the two suppliers are still locked in a price war
in the chain-to-chain competition just like in scenario (M,T). Differ-
ently, Lemma 5 also shows that the variation of two manufacturers’
production quantities with b is no longer non-monotonic in scenario
(T,M). The reason is as follows: When Manufacturer 2 uses marine en-
ergy, on the one hand, it benefits from the marine energy advantage and
the power price effect; On the other hand, the increasing b narrows the gap
between its products and its rival’s. As a result, Manufacturer 2’s de-
mand size increases in b, which squeezes its rival’s demand size, indi-
cating intensified market competition.

Corollary 2. The second-order mixed partial derivative of power prices
and production quantities in scenario (T,M) w.r.t. b and θ yields:

∂2(E[wTM
i ] )

∂b∂θ < 0, where i ∈ {1,2}; ∂2(E[qTM1 ] )
∂b∂θ < 0 and

∂2
(
E
[
q̃
TM
2

])

∂b∂θ > 0.
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Similar to Corollary 1, Corollary 2 indicates that θ amplifies the power
price effect in scenario (T,M). In addition, Corollary 2 further shows that
the marine energy advantage will benefit the marine user (i.e., Manufac-
turer 2), especially when competition is fierce.

4.4. Scenario (M,M)

Lemma 6. Sensitivity analysis of power prices and production quantities in
scenario (M,M) w.r.t. λ and θ yields: wMM

i is independent of λ;

∂
(
E
[
q̃
MM
i

])

∂λ > 0; ∂(E[wMM
i ] )

∂θ > 0;
∂
(
E
[
q̃
MM
i

])

∂θ > 0, where i ∈ {1,2}.

Lemma 6 reveals how the marine energy advantage works in scenario
(M,M).We surprisingly find that the marine energy supplier will only
raise power prices as θ increases, but independent of λ. One reason is that
when both Manufacturer 1 and Manufacturer 2 use marine energy, the
supplier is in a monopoly position, so all the supply instability risk is
transferred to the downstream buyers.

Lemma 7. Sensitivity analysis of power prices and production quantities in

scenario (M,M) w.r.t. b yields: ∂(E[wMM
1 ] )

∂b < 0, ∂(E[wMM
2 ] )

∂b > 0 and

∂
(
E
[
q̃
MM
i

])

∂b < 0, where i ∈ {1,2}.

When both Manufacturer 1 and Manufacturer 2 use marine energy,
the supply chain structure is similar to that in scenario (T,T), i.e., one-to-
two structure. Recall Lemma 1, where the power price effect and the de-
mand shrinking effect will influence wi and q̃i. We find Lemma 7 is nearly
identical to Lemma1, so we omit the detailed interpretations.

4.5. Analysis of the equilibrium results

Observation 1. Pure equilibrium (M, M), (T,M) and mixed-
equilibrium (M,T)/(T,M) may arise, depending on the demand crea-
tion due to consumers’ environmental concern (i.e., θ). and the product
homogeneity that indexes market competition intensity. See Fig. 2 for
the illustration.

The horizontal axis is b and the vertical axis is θ. Clearly, as θ be-
comes larger, the equilibrium strategy paths of Manufacturer 1 and
Manufacturer 2 are as follows: (T,T)→(M,T)→the mixed equilibrium of
(M,T)/(T,M)→(T,M)→(M,M). It is evident that increased consumer
preference for green products and advancements in technology level will
encourage manufacturers to favor marine energy. This is consistent with
real-world observations: the European Union has identified green edu-
cation as a key focus area in EU education [56], and invested in marine

energy startups in the United States grew fivefold from 2018 to 2023
[57].

To interpret the underlying driving forces of equilibrium strategy
paths, we will first analyze each equilibrium individually.

Proposition 1. (T,T) is the unique equilibrium when one of the following
conditions is satisfied:

λ ≤ λ1, θ ≤ θ3 and b < min[1, b3];

λ1 < λ < λ2, (i)θ < θ4; (ii)θ4 < θ < θ5 and (b < b3 or b > b4); (iii)θ5 ≤ θ

< θ3 and b < b3;

λ2 < λ < λ3, (i)θ < θ4; (ii)θ4 < θ < θ3 and (b < b3 or b > b4)); (iii)θ3 ≤ θ

< θ5 and b > b4;

λ3 ≤ λ < λ4, (i)θ < θ3 and (b < b3 or b > b5)); (ii)θ3 ≤ θ < θ5 and b > b4;

λ4 ≤ λ < λ5, θ < θ5 and b > b4.

Proposition 1 indicates that the twomanufacturers’ power strategy is
mostly sensitive to the marine energy stability level, competition in-
tensity and demand creation by eco-friendly consumers (See Fig. 3). In
general, Proposition 1 indicates that when both λ and θ are not large will
the two manufacturers stick to using fossil power. Consider an extreme
case where the marine energy supplier is stable, that is, λ is sufficiently
high so that ϵ→1. The manufacturers that use marine energy will un-
doubtedly benefit from green-minded consumers due to the marine en-
ergy advantage. This benefit will override the downside of marine energy
supply instability. Therefore, (T,T) equilibrium only appears when both
λ and θ are not large, where the power price effect and the demand
shrinking effect become important driving forces that hedge the marine
energy advantage.

It’s worth noting that, there exists a win-win situation where one
manufacturer (i.e., the marine energy user) benefits from the enhanced
marine energy advantage and the power price effect (see Corollary 1), and
the other also benefits from the power price effect. Thus, (T,T) equilib-
rium holds when b < b3 and b > b4 (see Proposition 1(2)(ii), Proposition
1(3)(ii), Proposition 1(4)(i)). The reasons are as follows. As θ is relatively
small, though Manufacturer 1 has the incentive to use marine energy,
the cost due to supply instability will be too high which could not be
covered by boomed demand given a small θ. Manufacturer 2, as the
weaker party in terms of brand competitiveness, also has no incentive to
use marine energy so as to benefit from product heterogeneity and
softened market competition (i.e., b < b3). When b is large, e.g., b→1,

Fig. 2. The two competing manufacturers’ equilibrium power strategies (a = 3.85).
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product homogeneity is enhanced andmarket competition is intensified.
On the one hand, if λ < λ5, the manufacturer using marine energy will
suffer from supply instability. On the other hand, fierce competition will
highlight the negative impact of such supply instability. So we have the
equilibrium (T,T). As θ further increases, the demand created by green-
minded consumers actually softens market competition. If θ is not very
large, then the two manufacturers should adopt an asymmetric strategy
(T,M)/(M,T) for channel coordination. If θ is sufficiently large, then
(M,M) will arise as the pure equilibrium.

Regarding the impact of λ, we find that as λ increases, the marine
energy advantage is significant and can overcome the negative impact of
supply instability when b is small. However, a large λ guarantees a large
actual number of products for the marine energy user (see Lemma 2,
Lemma 4), and further intensifies the competition, which can not be
mitigated by limited demand creation (i.e., θ < θ5). Therefore, the
manufacturer still prefers (T,T) when b > b4.

Proposition 2. There are three asymmetric equilibriums:

(1) (M,T) is the equilibrium when max[0, θ4, θ5] < θ < min[θ6, θ7]
and max[0, b3, b5] < b < min[b4, b6];

(2) (T,M) is the equilibrium when max[θ7, θ8] < θ < θ9 and
max[0, b6, b7] < b < min[b5, b8];

(3) (M,T) or (T,M) is the mixed equilibrium when max[0, θ5] < θ <

min[θ9, θ10] and max[0, b5, b6] < b < 1.

Proposition 2 elaborates on the win-win situation mentioned in
Proposition 1. That is, as a more brand-competitive party, when θ is not
very large, Manufacturer 1 would switch to using marine energy to
benefit from the marine energy advantage. Meanwhile, Manufacturer 2
can benefit from the lower power price due to the power price effect in
scenario (M,T) (see Lemma 5, Corollary 1). As θ and b increase,
Manufacturer 2’s incentive to use marine energy will also be enhanced.
Note that, the benefit of the marine energy advantage is not sufficient to
make two manufacturers better when they use marine energy simulta-
neously. As a result, Manufacturer 1 cedes the marine energy advantage
and benefits from the lower power price, even though its demand may
shrink in scenario (T,M). Otherwise, it will be hurt by the demand
shrinking effect (see Lemma 4, Lemma 5, Lemma 6). It is worth noting
that the mixed equilibrium (T,M)/(M,T) holds when b is large. This is
because the two manufacturers become homogeneous, and intensified
competition drives either Manufacturer 1 or Manufacturer 2 to scramble

for the marine energy advantage rather than strengthening their homo-
geneity by choosing the same power strategy.

Proposition 3. (M,M) is the equilibrium when one of the following con-
ditions is satisfied:

λ < λ1, θ > θ11 and b < min[1, b7];

λ1 < λ < λ2, (i)θ11 < θ ≤ θ9 and b < b7, (ii)θ9 < θ < θ10 and (b < b7 or b

> b8), (iii)θ > θ10;

λ > λ2, (i)θ9 < θ ≤ θ11 and b > b8, (ii)θ11 < θ < θ10 and (b < b7 or b

> b8), (iii)θ > θ10.

Proposition 3 indicates that both manufacturers will use marine
energy power when θ is large enough because the benefit of the marine
energy advantage covers the all downsides (See Fig. 4). Given a small θ,
interesting findings emerge. Equilibrium (M,M) holds only when b is
either small or large. The reasons are as follows. As discussed in Prop-
osition 2, a small b leads to a minimal demand shrinking effect, so
Manufacturer 1 tends to benefit from the marine energy advantagewhen a
relatively large θ attracts many green-minded consumers. If b is larger,
Manufacturer 1’s demand is further squeezed in scenario (T,M), espe-
cially when θ is large (see Lemma 5, Corollary 2). Therefore, Manufac-
turer 1 has to use marine energy to attract green-minded consumers and
then equilibrium (M,M) (holds)

5. The environmental performance

In this section, we will analyze the environmental performance in the
four equilibriums. Denote the average unit Scope 1 carbon emission as E,
then the environmental performances [58] in four scenarios become:

EITT = Efq1 + Efq2 + E(q1 + q2); EIMT = Emq̃1 + Efq2 + E
(

q̃1 + q2
)

;

EITM = Efq1 + Emq̃2 + E
(

q1 + q̃2
)

; EIMM = Emq̃1+ Emq̃2+ E
(

q̃1 + q̃2
)

.

We find that all the findings and managerial insights are unchanged,
because mathematically the manufacturers’ carbon emission changes
from Ef→E’f =

(
Ef + E

)
and Em→E’m = (Em + E). Therefore, to better

gain managerial insights into manufacturers’ power strategy decisions,
we focus on Scope 2 carbon emission in the main model, i.e., the indirect

Fig. 3. The impact of θ, b and λ in Equilibrium (T,T) (a = 3.85).

Fig. 4. The impact of θ, b and λ in Equilibrium (M,M) (a = 3.85).
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emission from manufacturers’ energy sources [26]. Marine energy
generation does not generate carbon emissions, thus the carbon factor
for Scope 2 is 0 [59]. We omit the Scope 1 carbon emission (i.e., E = 0),
but if E > 0 and/or Em > 0, then the findings can be found in Section 7.3.
It is evident that a smaller value of EIH indicates better environmental
performance.

Proposition 4. The environment of the four equilibriums is
EITT > EITM > EIMT > EIMM.

Proposition 4 reveals a surprising result: The environmental perfor-
mance does not necessarily improve as the marine energy advantage in-
creases. As discussed in Proposition 2, when θ increases, (M,T)
equilibrium shifts to (T,M) equilibrium. While this is a rational choice
from the perspective of the manufacturers’ profits, it is not beneficial for
the environment. That is, as the more brand-competitive party, Manu-
facturer 1 has a larger demand size, resulting in higher production
carbon emissions. Therefore, the adoption of marine energy by Manu-
facturer 1 rather than Manufacturer 2 can be more effective in reducing
carbon emissions.

Proposition 4 provides some interesting managerial insights. From
the government’s perspective, promoting the use of marine energy is
best for the environment, but manufacturers’ use of marine energy is
often driven by profit maximization. As a result, while the government
wants to promote marine energy through green education and/or other
methods, this may lead to manufacturers’ equilibrium strategies falling
into (T,M) (see Observation 1), and thus make the environmental per-
formance worse. Therefore, the government should achieve conver-
gence between the government’s goals and manufacturers’ objectives
through carbon mitigation policies (e.g., encouraging leading com-
panies to adopt marine energy by penalties or subsidies), so as to avoid
the equilibrium (T,M).

6. Numerical study

In this section, we focus on Tsingtao Brewery, a well-known Chinese
brand mentioned in the Introduction as a renewable energy user. Ac-
cording to the 2023 ESG report [12], all Tsingtao Brewery factories in
Shandong use 100% renewable energy for production. China Resources
Beer, with assets of nearly $10 billion, is Tsingtao’s main competitor in
China [50].

We obtain sales information from the 2019–2023 annual reports of
Tsingtao Brewery and China Resources Beer [60,61], based on which the
values of a and b are derived from the expressions for equilibrium profits
by backcasting (the market potential is estimated as a = 245.87 and

their products are of high homogeneity b = 0.73). As market conditions
can be volatile in four scenarios, we adjust the value of b ∈ {0.25,0.95}
to analyze its impact accordingly. Further, a survey of consumers by
PricewaterhouseCoopers [62] reveals that consumers are more likely to
buy the sustainable product and the impact of the high valuation of the
sustainable product by eco-friendly consumers on its market potential is
around 10% (compared to the regular product). Therefore, we let the
demand creation by eco-friendly consumers θ = 10%a, that is, θ =

24.59. We also consider θ ∈ {10.00,35.00} to see the impact on the
results. Taking Jiangxia Tidal Power Station (the largest marine energy
power station in China) as an example, we calculate its capacity factor to
measure the stability of marine energy [63]. We estimate the mean and
variance as μ = 22.41% and σ2 = 0.0018. Further, we obtain λ = 29.08,
which is scaled to 2.91 for consistency with the main body. In a similar
vein, we adjust the value of λ ∈ {1,5}. See Table 4, Table 5, and Table 6
for all estimated parameters.

Table 4, Table 5, and Table 6 show how manufacturers’ perfor-
mances change with b, θ, and λ, and highlight the impact of the marine
energy advantage, the power price effect and the demand shrinking effect.
Focusing on the bolded profit differences in the above tables, we can
derive the manufacturers’ equilibrium strategies. When θ and λ are both
small, scenario (T,T) is the only equilibrium such that both manufac-
turers have positive profit differences. As λ increases, scenario (T,T) can
not be the equilibrium. Furthermore, given a relatively large θ, we find
that the equilibrium strategies of the two manufacturers are more likely
to shift from the (M,T) equilibrium to the mixed equilibrium as b in-
creases. These findings are consistent with Observation 1 in the main
body (see Fig. 2). However, we find that (M,M) does not occur. Themain
reason is that consumer preference for sustainable products is not high
(PwC, [62]), which also explains why not every manufacturer is willing
to use marine energy despite its advantages in practice. For example,
Zhujiang Brewery does not use 100% renewable energy such as marine
energy. In addition, China Resources Beer mentioned above, has only
committed to renewable energy production without fully achieving it.
Therefore, while the government is committed to improving marine
energy technologies, it is also important to raise consumers’ environ-
mental awareness to increase their preference for sustainable products.
In other words, a two-pronged approach to technology development and
green education can better drive manufacturers to use marine energy.

Table 4
Comparison of the performances of the manufacturers (b = 0.25)

λ = 1.00 λ = 2.91 λ = 5.00

θ 10.00 24.59 35.00 10.00 24.59 35.00 10.00 24.59 35.00

b = 0.25
πTT1 (¥M) 2193.27 2193.27 2193.27 2193.27 2193.27 2193.27 2193.27 2193.27 2193.27
πTT2 (¥M) 2193.27 2193.27 2193.27 2193.27 2193.27 2193.27 2193.27 2193.27 2193.27
πMT
1 (¥M) 1892.00 2128.76 2306.22 2881.43 3242.20 3512.61 3253.71 3661.18 3966.59

πMT
2 (¥M) 2984.64 2933.03 2896.49 2608.99 2535.94 2484.46 2474.57 2394.43 2338.05

πTM1 (¥M) 3705.28 3690.86 3680.58 3666.34 3644.57 3629.08 3651.58 3627.08 3609.65
πTM2 (¥M) 1226.29 1418.26 1563.77 1860.07 2152.02 2373.33 2097.26 2426.76 2676.55
πMM
1 (¥M) 1187.65 1326.96 1431.07 1767.81 1975.17 2130.14 1979.42 2211.60 2385.12

πMM
2 (¥M) 1187.65 1326.96 1431.07 1767.81 1975.17 2130.14 1979.42 2211.60 2385.12

πTT1 − πMT
1 301.27 64.51 − 112.95 − 688.16 − 1048.93 − 1319.34 − 1060.44 − 1467.91 − 1773.32

πTT2 − πTM2 966.98 775.01 629.50 333.20 41.25 − 180.06 96.01 − 233.49 − 483.28
πMT
1 − πTT1 − 301.27 − 64.51 112.95 688.16 1048.93 1319.34 1060.44 1467.91 1773.32

πMT
2 − πMM

2 1796.99 1606.07 1465.42 841.18 560.77 354.32 495.15 182.83 − 47.07
πTM1 − πMM

1 2517.63 2363.90 2249.51 1898.53 1669.40 1498.94 1672.16 1415.48 1224.53
πTM2 − πTT2 − 966.98 − 775.01 − 629.50 − 333.20 − 41.25 180.06 − 96.01 233.49 483.28
πMM
1 − πTM1 − 2517.63 − 2363.90 − 2249.51 − 1898.53 − 1669.40 − 1498.94 − 1672.16 − 1415.48 − 1224.53

πMM
2 − πMT

2 − 1796.99 − 1606.07 − 1465.42 − 841.18 − 560.77 − 354.32 − 495.15 − 182.83 47.07
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7. Discussions and extensions

7.1. Consumer surplus

In this section, we will analyze the impact of manufacturers’ power
strategies on consumer surplus. For notational convenience, we denote
overall consumer surplus under the Scenario H as CSH. Thus, it can be
calculated as follows:

CSTT =

∫ qTT1

0
(a − q1 − bq2)dq1 − p1q1 +

∫ qTT2

0
(a − q2 − q1)dq2 − p2q2;

CSMT =

∫ q̃MT
1

0

(

a+ θ − q̃1 − bq2
)

dq̃1 − p1q̃1 +
∫ qMT

2

0
(a − q2 − q1)dq2 − p2q2;

CSTM =

∫ qTM1

0
(a − q1 − bq2)dq1 − p1q1 +

∫ q̃TM2

0

(

a+ θ − q̃2 − q1
)

dq̃2 − p2q̃2;

CSMM =

∫ q̃MM
1

0

(

a+ θ − q̃1 − bq2
)

dq̃1 − p1q̃1+
∫ q̃MM

2

0

(

a+ θ − q̃2 − q1
)

dq̃2

− p2q̃2.

The exact values of CSH are in the appendix. To better illustrate in
which scenario consumers benefit more, we plot Fig. 5 and the colored
blocks represent regions where CSH is the highest.

Examining Fig. 5 reveals that consumers may benefit more in sce-
nario (T,T) or scenario (T,M) when θ is small. If small θ, λ and b are
given, consumers benefit more in scenario (T,T). This is attributed to
scenario (T,M), where the limited marine energy advantage fails to
offset the negative impact of supply instability, resulting in lower total
supply compared to scenario (T,T) and thus reducing consumer surplus.
As technological advancements occur, the marine energy advantage
becomes significant, gradually diminishing and eventually eliminating
the region where CSTT is optimal. Additionally, increasing b leads to a
similar outcome due to the enhanced demand shrinking effect, resulting
in higher prices and reduced total supply in scenario (T,T). On the
contrary, in scenario (T,M), consumers can benefit from the lower price
and relatively large total demand due to the power price effect.

Similarly, when θ is relatively large, consumers’ preferences for
different scenarios depend on b. When b is small, the extra demand due
to the marine energy advantage leads to a higher overall consumer
surplus in scenario (M,M). As b increases, the demand shrinking effect
hurts the consumer surplus in scenario (M,M), so the consumers turn to
benefit more in scenario (T,M) or scenario (M,T) because of the power

Table 5
Comparison of the performances of the manufacturers (b = 0.73)

λ = 1.00 λ = 2.91 λ = 5.00

θ 10.00 24.59 35.00 10.00 24.59 35.00 10.00 24.59 35.00

b = 0.73
πTT1 (¥M) 1841.20 1841.20 1841.20 1841.20 1841.20 1841.20 1841.20 1841.20 1841.20
πTT2 (¥M) 1841.20 1841.20 1841.20 1841.20 1841.20 1841.20 1841.20 1841.20 1841.20
πMT
1 (¥M) 1574.44 1802.10 1973.93 2502.12 2865.94 3140.62 2872.03 3290.52 3606.50

πMT
2 (¥M) 3255.42 3197.10 3155.81 2956.29 2868.55 2806.75 2839.74 2741.32 2672.16

πTM1 (¥M) 3538.76 3494.31 3462.76 3389.69 3320.94 3272.32 3329.34 3251.33 3196.22
πTM2 (¥M) 1323.18 1532.52 1691.28 2091.57 2425.26 2678.44 2395.89 2779.35 3070.35
πMM
1 (¥M) 997.01 1113.95 1201.36 1484.04 1658.11 1788.21 1661.68 1856.59 2002.26

πMM
2 (¥M) 997.01 1113.95 1201.36 1484.04 1658.11 1788.21 1661.68 1856.59 2002.26

πTT1 − πMT
1 266.76 39.10 − 132.73 − 660.92 − 1024.74 − 1299.42 − 1030.83 − 1449.32 − 1765.30

πTT2 − πTM2 518.02 308.68 149.92 − 250.37 − 584.06 − 837.24 − 554.69 − 938.15 − 1229.15
πMT
1 − πTT1 − 266.76 − 39.10 132.73 660.92 1024.74 1299.42 1030.83 1449.32 1765.30

πMT
2 − πMM

2 2258.41 2083.15 1954.45 1472.25 1210.44 1018.54 1178.06 884.73 669.90
πTM1 − πMM

1 2541.75 2380.36 2261.40 1905.65 1662.83 1484.11 1667.66 1394.74 1193.96
πTM2 − πTT2 − 518.02 − 308.68 − 149.92 250.37 584.06 837.24 554.69 938.15 1229.15
πMM
1 − πTM1 − 2541.75 − 2380.36 − 2261.40 − 1905.65 − 1662.83 − 1484.11 − 1667.66 − 1394.74 − 1193.96

πMM
2 − πMT

2 − 2258.41 − 2083.15 − 1954.45 − 1472.25 − 1210.44 − 1018.54 − 1178.06 − 884.73 − 669.90

Table 6
Comparison of the performances of the manufacturers (b = 0.95)

λ = 1.00 λ = 2.91 λ = 5.00

θ 10.00 24.59 35.00 10.00 24.59 35.00 10.00 24.59 35.00

b = 0.95
πTT1 (¥M) 1707.56 1707.56 1707.56 1707.56 1707.56 1707.56 1707.56 1707.56 1707.56
πTT2 (¥M) 1707.56 1707.56 1707.56 1707.56 1707.56 1707.56 1707.56 1707.56 1707.56
πMT
1 (¥M) 1420.12 1642.00 1810.16 2297.16 2659.90 2934.97 2655.69 3086.35 3396.14

πMT
2 (¥M) 3394.84 3332.99 3289.21 3145.81 3049.80 2982.21 3043.26 2931.92 2857.75

πTM1 (¥M) 3449.54 3390.30 3348.34 3231.22 3138.74 3073.57 3140.46 3032.94 2961.24
πTM2 (¥M) 1372.63 1590.91 1756.49 2217.12 2573.72 2844.41 2561.72 2984.98 3289.76
πMM
1 (¥M) 924.65 1033.10 1114.16 1376.33 1537.76 1658.41 1541.07 1725.91 1856.93

πMM
2 (¥M) 924.65 1033.10 1114.16 1376.33 1537.76 1658.41 1541.07 1725.91 1856.93

πTT1 − πMT
1 287.44 65.56 − 102.60 − 589.60 − 952.34 − 1227.41 − 948.13 − 1378.79 − 1688.58

πTT2 − πTM2 334.93 116.65 − 48.93 − 509.56 − 866.16 − 1136.85 − 854.16 − 1277.42 − 1582.20
πMT
1 − πTT1 − 287.44 − 65.56 102.60 589.60 952.34 1227.41 948.13 1378.79 1688.58

πMT
2 − πMM

2 2470.20 2299.89 2175.05 1769.48 1512.04 1323.80 1502.19 1206.01 1000.82
πTM1 − πMM

1 2524.90 2357.20 2234.18 1854.89 1600.98 1415.16 1599.39 1307.03 1104.31
πTM2 − πTT2 − 334.93 − 116.65 48.93 509.56 866.16 1136.85 854.16 1277.42 1582.20
πMM
1 − πTM1 − 2524.90 − 2357.20 − 2234.18 − 1854.89 − 1600.98 − 1415.16 − 1599.39 − 1307.03 − 1104.31

πMM
2 − πMT

2 − 2470.20 − 2299.89 − 2175.05 − 1769.48 − 1512.04 − 1323.80 − 1502.19 − 1206.01 − 1000.82
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price effect.
Fig. 5 also shows the impact of λ. According to Lemma 2, as λ in-

creases, the marine energy advantage will become more prominent. On
the other hand, the power prices charged by the suppliers become lower
as λ increases (see Lemma 2, Lemma 4 and Lemma 6), which enlarges the
total supply when the manufacturer uses marine energy. Therefore,
consumer surplus in scenario (T,T) can not be optimal, so the purple
region disappears when λ is large.

7.2. The impact of the fossil fuel cost

In practice, the fossil power supplier may incur costs such as fossil
fuels cost and/or the penalty to fossil fuels. So we relax the assumption
in the main body by considering the fossil fuel power supplier’s cost, and
derive the profit functions in the four scenarios outlined in Table 7.

Lemma 8. Sensitivity analysis of power prices and production quan-
tities in scenario (T,T), (M,T) and (T,M) w.r.t. c (yields)

(1) ∂wTT
i

∂c > 0 and ∂(E[wH
i ] )

∂c > 0, where i ∈ {1,2} and H ∈ { TM,MT};

(2) ∂qTTi
∂c < 0, where i ∈ {1,2};

∂
(
E
[
q̃
MT
1

])

∂c > 0 and ∂(E[qMT
2 ] )

∂c < 0;

∂(E[qTM1 ] )
∂c < 0 and

∂
(
E
[
q̃
TM
2

])

∂c > 0.

Lemma 8 reveals that, on one hand, the fossil power supplier raises
the power price as the power generation cost increases, leading to a
smaller order quantity for the manufacturer using fossil fuel power (i.e.,
∂wTT

i
∂c > 0 and ∂qTTi

∂c < 0; ∂(E[wMT
2 ] )

∂c > 0 and ∂(E[qMT
2 ] )

∂c < 0; ∂(E[wTM
1 ] )

∂c > 0 and
∂(E[qTM1 ] )

∂c < 0). In contrast, the manufacturer using marine energy is not

directly affected by the fossil power supplier’s cost, giving it a cost

advantage and a larger order quantity (i.e.,
∂
(
E
[
q̃
MT
1

])

∂c > 0 and

∂
(
E
[
q̃
TM
2

])

∂c > 0). On the other hand, the rising fossil fuel power price
mitigates chain-to-chain competition in scenario (M,T) and scenario
(T,M) (see Lemma 3 and Lemma 5), incentivizing the marine energy

supplier to also raise its power price (i.e., ∂(E[wMT
1 ] )

∂c > 0 and ∂(E[wTM
2 ] )

∂c > 0).
Fig. 6 further illustrates the impact of fossil fuel costs on manufac-

turers’ strategy preferences. It is clear that the increased fossil fuel cost
weakens the manufacturer’s preference for strategy T. So the manufac-
turer is driven to use marine energy, where the underlying mechanism is
similar to the effect of θ. Moreover, Fig. 6 corroborates the managerial
insights presented in Proposition 4. Recall that green education may
make the environment worse, which is contrary to the government’s
goals. We point out that the government could encourage manufacturers
to use marine energy through carbon mitigation policies such as pen-
alties. As seen in Fig. 6, appropriate penalties can drive both manufac-
turers to use marine energy, especially when θ is large, i.e., the region of
(M,M) equilibrium expands.

7.3. The impact of carbon emission from marine energy power

In Section 5, we only consider Scope 2 carbon emission in four sce-
narios and thus normalize the carbon emission from marine energy
power to zero (i.e., Em = 0). We relax this assumption in this section and
regard Ef and Em as the total carbon emissions (including Scope 1 carbon
emission and Scope 2 carbon emission) associated with the manufac-
turer’s power procurement from the fossil power supplier and the ma-
rine energy supplier, respectively. Since the analytical solutions are too
complex to yield valid comparative results, we examine the impact of
carbon emission from marine energy power by an extensive numerical
study (see Fig. 7). It is clear that the insights in our main body remain
when Em is small. As the difference between Em and Ef decreases, the
situation becomes complex, where the comparison between the envi-
ronmental performance in four scenarios is affected by the sophisticated
interactions among the marine energy advantage, the demand shrinking
effect, and the power price effect.

When Em approaches Ef , the carbon reduction advantage of using
marine energy becomes negligible, so the carbon emissions in different
scenarios are primarily influenced by the actual output. When the ma-
rine energy advantage is significant, the manufacturer using marine
energy tends to have higher output. As a result, in scenarios (M,T),
(T,M), and (M,M), the total carbon emissions increase and may even
exceed the total emissions in scenario (T,T). Furthermore, since sce-

Fig. 5. The impact of λ, θ and b on consumer surplus (a = 3.85)

Table 7
Manufacturers’ profit functions considering fossil fuel power supplier’s cost

m2

T M

m1

T
πTTt = qTT1

(
wTT
1 − c

)
+ qTT2

(
wTT
2 −

c
)

πTTi =
(
pTTi − wTT

i
)
qTTi , i ∈ {1, 2}

πTMt = qTM1
(
wTM
1 − c

)

πTMm = q̃TM2 wTM
2

πTM1 =
(
pTM1 − wTM

1
)
qTM1

πTM2 =
(
pTM2 − wTM

2
)
q̃TM2

M

πMT
m = q̃MT

1 wMT
1

πMT
t = qMT

2
(
wMT
2 − c

)

πMT
1 =

(
pMT
1 − wMT

1
)
q̃MT
1

πMT
2 =

(
pMT
2 − wMT

2
)
qMT
2

πMM
m =

(

q̃MM
1 wMM

1 + q̃MM
2 wMM

2

)

πMM
i =

(
pMM
i − wTT

i
)
q̃MM
i ,i ∈ {1, 2}
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narios (M,T) and (T,M) tend to be equivalent as b increases, the total
carbon emissions in scenario (M,T) and (T,M) also tend to converge.

Additionally, the demand shrinking effect has a greater impact in
scenarios (T,T) or (M,M), leading to a lower total output. However, in
scenarios (M,T) or (T,M), the power price effect mitigates the negative
impact of the demand shrinking effect (see Lemma 1, Lemma 3, Lemma
5 and Lemma 7). Therefore, as b increases, the environmental perfor-
mance of scenarios (M,T) or (T,M) may be worse than that in scenarios
(T,T).

8. Conclusion remarks

To promote sustainable societal development, numerous nations are
intensifying investments in marine energy and encouraging giant com-
panies to adopt it. While embracing marine energy may enhance a
manufacturer’s green reputation and attract green-minded consumers, it
also introduces challenges related to supply instability. Hence, we
formulate the key tradeoffs to analyze how manufacturers navigate the
decision between marine power strategy and fossil power strategy.

We find that the use of marine energy can successfully facilitate
demand creation, especially when the supply instability is acceptable (i.

Fig. 6. The impact of c, b, θ and λ on the equilibrium power strategies (a = 3.85).
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e., the marine energy advantage). However, this may lead to the supplier’s
price adjustment, thereby influencing the downstream market compe-
tition (i.e., the power price effect). When two manufacturers’ product
heterogeneity is not significant (i.e., the demand shrinking effect is not
dominant), they tend to sustain an asymmetric power strategy equilib-
rium, to benefit from the marine energy advantage and the power price
effect respectively. This enables a win-win situation. We reveal a sur-
prising result that a smaller marine energy advantage might be better for
the environmental performance. The reason is that, given insufficient
marine energy advantage, the more brand-competitive manufacturer with
higher carbon emissions will prefer fossil power, benefiting from the
power price effect.

Our research provides useful insights. For instance, although ad-
vances in marine technology and consumer green education by manu-
facturers and governments can promote the use of marine energy, they
may also cause negative environmental impacts. While the government
aims to promote the use of marine energy to benefit the environment,
manufacturers are driven by profit maximization. This divergence can
lead to unintended consequences that manufacturers’ optimal equilib-
rium strategies may be sub-optimal for the environment. To align gov-
ernment and manufacturers’ objectives, it is crucial for the government
to implement effective carbon mitigation policies, such as penalties for
fossil fuels and subsidies for marine energy. Our findings show that such
appropriate policies can significantly expand the equilibrium region
where both manufacturers use marine energy, leading to better envi-
ronmental outcomes.

In this study, we have focused on the energy strategies of two un-
equally positioned manufacturers. Further research can be conducted to
examine whether the marine energy supplier and/or the more brand-
competitive manufacturer should invest in improving the supply sta-
bility of marine energy [64]. It can be also important to design corre-
sponding policies to encourage them to do so. In practice, we observe
that the two manufacturers may cooperate with each other in service
outsourcing, information sharing, and financial support. For example,
the competing manufacturers have the option to jointly invest in the
supply and selling of marine. This will create a co-opetition relationship
among the suppliers and manufacturers. We predict that interesting
findings with respect to their corporation formations and investment
efforts can be derived but are beyond the scope of this study.
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