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Abstract
To achieve supply chain decarbonization, environmentally conscious manufacturers are
transforming their energy infrastructure. While certain manufacturers are adopting a pure
bioenergy strategy in their production processes, others are opting for a hybrid energy
approach that combines traditional energy with bioenergy. This choice is often influenced by
limitations in land capacity and the developmental stage of biomass conversion technologies.
This paper introduces a game-theoreticmodel that explores the optimal approach to achieving
supply chain decarbonization by strategically selecting energy portfolios. Our findings reveal
that in scenarios where the market size is small, manufacturers tend to adopt a hybrid energy
strategy, particularly when the average yield of biomass is low. However, as the biomass
yield increases, manufacturers lean towards a hybrid (or pure) bioenergy strategy in smaller
(or larger) markets. In larger markets, the manufacturer’s energy strategies become more
complex and are influenced by various factors. Our results emphasize that farmers should
base their planting decisions on considerations such as available land, initial investment, and
agricultural biomass yield. This paper urges manufacturers to effectively navigate the com-
plexities of the carbon tax policy and make informed decisions that promote a sustainable
energy strategy. By utilizing technological advancements, governments and manufacturers
can collect and analyze data on factors such asmarket size, biomass yield, and carbon tax pol-
icy, ultimately working towards amore efficient, productive, and environmentally sustainable
future.

Keywords Supply chain decarbonization · Bioenergy · Agricultural biomass · Carbon tax
policy · Industry 5.0

B Sobhan Arisian
S.Asian@latrobe.edu.au

1 School of Business Administration, Northeastern University, Shenyang, China

2 La Trobe Business School, La Trobe University, Melbourne, Australia

3 School of Business and Law, Edith Cowan University, Joondalup, Australia

123

http://crossmark.crossref.org/dialog/?doi=10.1007/s10479-024-05979-6&domain=pdf
http://orcid.org/0000-0001-5324-5026


Annals of Operations Research

1 Introduction

The utilization of conventional energy sources, such as coal and petroleum, results in the gen-
eration of greenhouse gases, imposing an adverse effect on the environment. CO2 emissions
from energy-related processes and operations saw a significant increase of 0.9% between
2021 and 2022, reaching 36.8 GtCO2. This rise is primarily attributed to fossil fuel com-
bustion in the power sector, contributing to 423 MtCO2 of the total increase (IEA, 2023).
Particularly in Asia, coal utilization in power generation exceeded 15 GtCO2, accounting
for over 40% of global energy-related emissions. China accounted for the most significant
increase in global coal production in 2021, contributing significantly (7.96 billion tons) to
carbon emissions, followed by India (1.8 billion tons) and the U.S (1.00 billion tons) due to
coal’s carbon-intensive nature (Ritchie et al., 2023; Sun et al., 2020). This escalation poses
challenges in meeting the emission reduction targets of the Paris Agreement, which aims
to limit global warming to less than 2 °C above pre-industrial levels, ideally reducing it to
1.5 °C (EC, 2015; Hafezalkotob et al., 2023).

In the transition toward using renewable energy sources in supply chains, integrating
biomass into the existing energy portfolios is seen as a viable strategy (Duarte et al., 2014).
As a renewable material resource, biomass has the potential to reduce reliance on fossil
fuels. Its key advantage lies in its versatility as an energy source, being convertible into heat,
electricity, and fuels. Moreover, biomass is notable among renewable energy sources for
its ability to generate energy on demand (Rentizelas et al., 2009), positioning it as a non-
intermittent option. This characteristic offers a solution to the variability challenges faced
by other renewable sources like wind and solar, enhancing the reliability and stability of the
energy supply.

Bioenergy, a renewable energy source produced from biomass, is gaining popularity as an
alternative to fossil fuels, aligning with global carbon reduction policies (Asian et al., 2019;
Li et al. 2023a; Rahimi et al., 2021). It offers versatile applications, including electricity
generation, building heating, and vehicle propulsion (Kothari et al., 2020; Peura & Bunn,
2021), and is being increasingly adopted by countries to decarbonize the supply chain (Jiang
et al., 2021b). China, for example, has significantly increased its bioenergy usage to reduce
reliance on fossil fuels, addressing environmental challenges like air pollution and climate
change (Sun et al., 2020).

The ongoing demand for energy, requiring both affordability and reliable supply (Sharma
et al., 2013), underscores the need to efficiently harness and integrate all available resources
into the existing energy portfolios of diverse supply chains. This approach is crucial for
developing a supply chain decarbonization strategy, emphasizing optimal energy supply
pathways at the lowest possible cost environment (Gao & Souza, 2022; He et al., 2022;
Mavi et al., 2023; Zhu et al., 2023). Some manufacturers achieve this by integrating Industry
5.0 concepts with biomass conversion technologies, enhancing energy efficiency and waste
reduction (ElFar et al., 2021; Tawiah et al., 2022). This integration yields proven benefits,
including energy savings of up to 35%, a remarkable return on investment of 30.8%, and
enhanced overall efficiency and productivity (Wong et al., 2022). Governments have also
implemented regulations, such as carbon taxes (Javadi et al., 2019; Lyu et al., 2022; Zhang
et al., 2021), to incentivize carbon emission reduction, promoting supply chain efficiency
and sustainable production (Maddikunta et al., 2022).

Despite the growing popularity of bioenergy as a renewable alternative to fossil fuels,
challenges persist, such as the competition for land resources between bioenergy crops and
food production, leading to limited biomass availability (Searchinger & Heimlich, 2015).
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Additionally, inefficiencies in biomass conversion technologies, including thermal and bio-
chemical conversion, often hinder full biomass utilization (Li et al., 2020a; Li et al., 2020b;
Li et al., 2021; Basso et al., 2021; Song et al., 2019). To mitigate these issues, some man-
ufacturers adopt hybrid energy strategies that combine bioenergy with traditional fuels like
methanol for use in hybrid electric vehicles, reducing emissions but not achieving the full
decarbonization potential of pure bioenergy (Reza-Gharehbagh et al., 2021; Dong & Boute,
2020).

Building upon existing literature (Jiang et al., 2021a, 2021b), this paper examines the role
of agricultural biomass in supply chain decarbonization. Through a game-theoretic model,
we study the interaction between an agricultural biomass producer, a manufacturer, and a
traditional energy supplier. We further enrich the discussion by exploring pure and hybrid
energy conversion strategies within themanufacturing process, highlighting how these strate-
gies can influence decarbonization efforts. Specifically, we investigate the energy strategy of
an environmentally conscious manufacturer faced with the choice between pure and hybrid
bioenergy options to support its manufacturing processes. In particular, this paper aims to
address the following research questions:

1. How does themanufacturer’s energy adoptionmodel influence supply chain decarboniza-
tion and what are the equilibrium outcomes when comparing the implementation of a
pure bioenergy strategy to a hybrid energy strategy?

2. How do variations in the purchase cost of agricultural biomass impact farmers’ land use
and product prices when different bioenergy strategies are implemented?

3. To what extent do key parameters, such as land capacity and average agricultural biomass
yield, influence the manufacturer’s bioenergy strategy? Additionally, how does the agri-
cultural biomass conversion technology contribute to supply chain decarbonization?

Our analysis focuses on the interaction between a biomass producer (i.e., farmer) and a
manufacturer. We develop and analyze analytical models to characterize the essential fac-
tors influencing both farmers’ land use and manufacturers’ energy strategies. This approach
effectively fills the identified research gaps, offering actionable insights for farmers to opti-
mize agricultural practices in line with considerations of manufacturers’ energy strategies.
Additionally, we analyze the impact of government carbon tax policies on manufacturers’
energy strategies. The insights derived from this analysis help manufacturers navigate the
complex landscape of environmental regulations while concurrently striving to maximize
profitability.

The remainder of this paper is structured as follows. In Sect. 2, we conduct a review of
relevant literature. In Sect. 3, we provide a description of the problem and develop both the
pure bioenergy and the hybrid energy models. In Sect. 4, we present the equilibrium results
obtained from the two models and conduct a sensitivity analysis. In Sect. 5, we provide
a comparative analysis of the players’ optimal decisions under pure bioenergy and hybrid
energy strategies. Finally, we conclude the study, provide managerial insights, and identify
areas for future research in Sect. 6. Proofs are provided in the Appendix.

2 Literature review

This section reviews the literature on the interplay between carbon tax policy and the inte-
gration of Industry 5.0 in bioenergy supply chains. The review identifies gaps in current
research, particularly regarding manufacturers’ energy strategies in relation to agricultural
biomass conversion and Industry 5.0 integration (See Table 1).
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Table 1 Positioning of this paper

Paper Energy
structure

Land
capacity

Biomass
conversion
technology

Government’s role Method

He et al.
(2022)

× × × Penalty/subsidy Evolutionary
game

Wong et al.
(2022)

√ × √ × Simulation

Cai et al.
(2021)

√ × × × Game theory

Jiang et al.
(2021a)

√ × × Subsidy Game theory

Jiang et al.
(2021b)

√ × × Penalty Game theory

Li et al. (2021)
√ × × Feed-in tariffs Game theory

Gao et al.
(2019)

√ × × × Game theory
Case study

Ye et al.,
(2020)

× √ √
Subsidy Game theory

da Costa et al.
(2018)

√ × √ × life cycle
assessment

De Laporte
et al. (2016)

× × × Incentives Empirical
model

Nguyen et al.
(2013)

√ × √ × baseline
simulation

This paper
√ √ √

Carbon tax Game theory

2.1 Carbon tax policy

The excessive use of traditional energy sources, coupled with rapid industrial development,
has led to increased pollution and emissions (Liu et al., 2023). In response, some governments
and organizations have adopted carbon tax policies to curb these emissions (Lyu et al., 2022;
Rathore & Jakhar, 2021; Reza-Gharehbagh et al., 2023), prompting scholars to examine the
operational decisions within sustainable supply chains under these policies. A significant
focus has been on remanufacturing, with studies like Alegoz et al. (2021) analyzing the
impact of carbon tax policies on various remanufacturing systems. Similarly, Konstantaras
et al. (2021) explored optimal inventory decisions in closed-loop supply chains that include
manufacturing, remanufacturing, and repair cycles under carbon tax regimes. Feng et al.
(2023) explored how carbon reduction policies, specifically carbon tax systems and carbon
cap-and-trade regulations, influence the adoption of Blockchain technology in the recycling
process.

Sustainable measures under carbon tax policies, such as emission reduction efforts, have
also been a subject of study. For instance, Wang et al. (2019) discussed emission reduction
in decentralized and centralized supply chains, considering consumer preferences for low-
carbon products and stochastic demand under carbon tax policies. Yang and Chen (2018)
examined manufacturers’ emission reduction efforts in light of retailers’ incentives like
revenue-sharing and cost-sharing schemes. Govindan et al. (2023) focused on the integration
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of carbon tax policies as a crucial element in developing a circular closed-loop supply chain
network.

In addition, research has delved into pricing decisions and product line designs under
carbon tax policies. Ma et al. (2018) investigated manufacturers’ two-stage pricing decisions
considering suppliers’ varying prices and emission rates under carbon tax policies, while
Meng et al. (2018) studied product selection strategies of competing manufacturers under
similar conditions.Chen andHu (2018),Nie et al. (2022), andZhu et al. (2023) have compared
carbon tax policies with other regulatory measures such as cap-and-trade and subsidies,
analyzing their impact on various aspects of supply chain operations.

Our literature review indicates that carbon tax policy has been a crucial driver of green
and sustainable development within supply chains. Building on these findings, our paper
seeks to explore how manufacturers can effectively set their energy strategies for supply
chain decarbonization, considering factors such as land capacity and biomass conversion
technologies.

2.2 Bioenergy supply chain and industry 5.0

To reduce reliance on fossil fuels and foster sustainable development, manufacturers are
increasingly incorporating bioenergy into their production processes. This shift has led to
substantial financial andpolicy support fromgovernments. Extensive research is conductedon
the bioenergy supply chains, examining environmental impacts, energy conversion processes,
and issues related to asymmetric information.

Li et al., (2023a, 2023b) examined the impact of converting agricultural waste into a mar-
ketable product. The authors analyzed how economic value is affected by uncertainties in
input and output spot prices, finding that variability in these prices can enhance the value of
biomass commercialization. Their study also evaluated environmental impacts, noting that
while increased biomass demand or price boosts commercialization value, it does not always
lead to environmental benefits as it might increase carbon emissions. He et al. (2022) evalu-
ated the effects of government regulations, including penalties and subsidies, on a straw-based
bioenergy supply chain, employing models like the tripartite evolutionary game and dynamic
penalty models. Ye et al. (2020) investigated subsidy programs for farmers and bioenergy
producers, considering land and budget constraints. Jiang et al. (2021b) assessed the impact
of government penalties on bioenergy supply chains, using contract-based approaches under
varying information conditions. De Laporte et al. (2016) applied integrated economic, bio-
physical, and GIS models to evaluate bioenergy policies under different biomass pricing and
power structures. Focusing on biomass power generation pricing, Li et al., (2023a, 2023b)
analyzed the influence of feedstock competition and independence on feed-in tariffs using
game theory.

The focus on biomass conversion technologies in the bioenergy supply chain has also
been significant. Da Costa et al. (2018) utilized life cycle assessment to study biomass power
generation impacts inPortugal, comparing technologies likefluidizedbeds andgrate furnaces.
Moura et al. (2022) ranked various waste biomass types and conversion technologies using
sustainable value approaches. Nguyen et al. (2013) analyzed wheat straw-based biomass
power generation, comparing it with fossil fuel power. Sharara and Sadaka (2018) offered
insights into swine manure conversion technologies, and Strzalka et al. (2017) evaluated
diverse biomass conversion technologies in the German bioenergy sector.
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ElFar et al. (2021) discussed the transition of algae production to a more human-centered
approach. Wong et al. (2022) evaluated the economics of integrated bio-refining technolo-
gies. In line with these studies, this research investigates the role of agricultural biomass in
decarbonizing supply chains, considering manufacturers’ pure bioenergy and hybrid energy
strategies under the government’s carbon tax policies.

3 Problem description

We consider a bioenergy supply chain consisting of a traditional energy supplier, an agri-
cultural biomass producer (farmer) with limited land capacity, and a manufacturer operating
under government carbon tax regulations. The manufacturer faces a choice between pure
bioenergy and hybrid energy strategies. Additionally, the manufacturer must set the biomass
purchase price before the growing season. The farmer, in turn, will decide on the planting
acreage during the planting season, considering the set biomass price and their land’s capacity
constraints. All mathematical notations used in this paper are listed in Table 2.

Table 2 Mathematical notations

Notations Descriptions

Parameters

a Market size

ε Conversion ratio, i.e., the amount of bioenergy that can be produced from one unit of
agricultural biomass

μ The average yield of agricultural biomass

θ The proportion of basic demand under hybrid energy strategy to that under pure
bioenergy strategy

1 − θ Discount effect of market expansion under a hybrid energy strategy

t Carbon tax rate

v The wholesale price of traditional energy

k Planting efficiency, i.e., the farmer’s planting cost coefficient

r The interest rate applied by the traditional energy supplier

B Initial capital level of the green manufacturer

K The farmer’s maximum land capacity

Decision variables

q1 The farmer’s planting acreage

q2 The amount of conventional energy

w Purchase price of biomass

Functions

p(q1, q2) Inverse demand function

π
i− j
f The farmer’s profit

π
i− j
m The green manufacturer’s profit

Subscripts

f , m The farmer and the green manufacturer

123



Annals of Operations Research

The following assumptions have been made in this paper:
It is assumed that the features and quality specifications of products manufactured under

the pure bioenergy and hybrid energy strategies are identical, and thus, the products manu-
factured under the two strategies are perfectly substitutable. We propose the inverse demand
function under the pure bioenergy and hybrid energy strategies as follows (Niu et al. (2022):

p = a − q1 (1)

p = a − q1 − q2, (2)

where, θ ∈ (0, 1) and 0 < a1 < a1.
Compared to the pure bioenergy strategy, products under the hybrid energy strategy are

less attractive to eco-conscious consumers.We assume that the market size can be discounted
by the rate(1 − θ). Let ε represent the biomass conversion ratio. The larger the value of ε,
the more bioenergy can be produced from the same quantity of biomass.

(2) The wholesale price of traditional energy is influenced by complex market dynamics,
including global supply-demand interactions, geopolitical factors, and regulatory poli-
cies. To focus on our main contributions and simplify the technical complexities, we
assume that the wholesale price of traditional energy, v, is exogenous.

(3) Biomass conversion into bioenergy, through methods like combustion or gasification,
releases carbon into the atmosphere. However, this carbon is reabsorbed by plants,
making bioenergy’s net carbon emissions significantly lower than fossil fuels. Con-
sequently, the pure bioenergy strategy effectively reduces emissions to 0, facilitating
carbon removal from energy production and aiding supply chain decarbonization. Con-
versely, the hybrid strategy, incorporating traditional energy, results in emissions due
to the use of non-renewable resources. Following Lyu et al. (2022), this paper assumes
that one unit of production generates one unit of emission.

(4) The manufacturer’s total purchase cost, wq1, is constrained by the initial capital B,
ensuring wq1 ≤ B. However, in a hybrid energy strategy, the manufacturer is allowed
to defer payments to the traditional supplier at an interest rate of r . This assumption
is grounded in practical context where traditional energy suppliers and manufacturers
often have established long-term cooperative relationships, characterized by a degree of
trust. Additionally, the availability of deferred payments is crucial; without this option,
manufacturers with limited funds may be compelled to opt for the pure bioenergy strat-
egy.

Figure 1 depicts the sequence of events discussed in this paper. First, the manufacturer

Pure bioenergy 

strategy

Hybrid energy 

strategy

The manufacturer determines the 

biomass price and the volumes of 

traditional energy

The farmer decides on 

the planting acreage

Planting and RipenBefore growing season Conversion The manufacturer s

energy structure

The manufacturer produces 

products using energy and 

sells them to the market

The manufacturer determines 

the biomass price

The farmer decides on 

the planting acreage

Fig. 1 Sequence of events
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determines the energy strategy to be adopted, which could be either pure bioenergy or hybrid
energy. Then, before the growing season, the manufacturer must announce the purchase price
of biomass feedstocks, denoted as w, and the amount of conventional energy, q2 (for hybrid
energy strategy). During the planting season, farmers must decide on the planting acreage,
q1, based on the purchase price of agricultural biomass, w, and the land capacity, K . Finally,
the price and demand in the spot market are revealed.

3.1 Pure bioenergymodel

In this subsection, the model for a manufacturer adopting a pure bioenergy strategy is pre-
sented. Figure 2 illustrates the supply chain structure under this strategy, highlighting the
interactions between the farmer and the manufacturer.

The farmer decides the planting acreage,q1, and faces a quadratic convex cost function
kq21/2 which is proportional to the planting acreage (Ye et al., 2020). The cost includes
planting expenses such as seeding, chemical application, and pest control. With limited
planting acreage, q1 ≤ K , the farmer harvests biomass feedstocks at an average yield per
unit area,μ, producing a total yield ofμq1 Themanufacturer then purchases these biomasses
at a pricew. Considering the efficiency of biomass conversion technology, denoted by ε, not
all feedstocks are converted into bioenergy. The use of pure bioenergy, considered as green
and environmentally friendly, is more appealing in the spot market and leads to substantial
emission reductions and supply chain decarbonization, rendering carbon tax policies less
impactful. Thus, adopting a pure bioenergy strategy offers a pathway to decarbonization
without the carbon tax’s influence.

The manufacturer’s profit maximization problem, Eq. (3), given the limited initial capital,
Eq. (4), is formulated as follows:

maxBm = pq1 − wq1 (3)

s.t .

wq1 ≤ B (4)

For the farmer, the profit maximization problem, Eq. (5), incorporates both the revenue
from biomass sales and planting costs and constrained by land capacity, Eq. (6), is derived

Fig. 2 Supply chain structure under a pure bioenergy strategy
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Fig. 3 Supply chain structure under a hybrid energy strategy

as follows:
maxBf = wq1 − kq21/2 (5)

s.t .

q1 ≤ K (6)

3.2 Hybrid energymodel

In this subsection, we construct the model for a scenario where the manufacturer adopts a
hybrid energy strategy, as depicted in Fig. 3. This strategy integrates both bioenergy and
conventional energy, necessitating carbon tax implementation due to the emissions from
conventional energy use.

Under this strategy, the manufacturer acquires biomass feedstocks μq1 from farmers at
price w and conventional energy q2 from supplier at the exogenous wholesale price v. The
utilization of conventional energy leads to a reduced market size for hybrid energy, denoted
as aθ , where θ ∈ (0, 1) and generates emissions. Each unit of production is considered to
result in one unit of emissions. Consequently, the total emissions amount to q2, incurring a
corresponding tax penalty of tq2, where t represents the tax rate.

The manufacturer’s profit maximization under the hybrid energy strategy is expressed in
Eq. (7):

maxHm = pq1 + pq2 − wq1 − vq2(1 + r) − tq2 (7)

s.t .

wq1 ≤ B (8)

The initial capital constraints for themanufacturer remain consistent under both strategies,
considering the deferred payment option offered by the conventional energy supplier. The
farmer’s profit maximization problem can be formulated using Eq. 9:

maxHf = wq1 − kq21/2 (9)

s.t .

q1 ≤ K (10)
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4 Equilibrium results

In this section, we present the equilibrium results under alternative energy strategies. The
optimal outcomes for both farmers andmanufacturerswhen implementing the pure bioenergy
strategy are characterized in Proposition 1.

Proposition 1 The optimal results for the farmer and the manufacturer under the pure bioen-
ergy strategy for scenarios B-1, B-2 and B-3 can be determined as follows:

(B-1). When B > B1 and K > K1, we have

wB−1∗ = akε

2
(
k + ε2μ2

) , qB−1∗
1 = aεμ

2
(
k + ε2μ2

)

pS−1∗ = a
(
2k + ε2μ2

)

2
(
k + ε2μ2

) , π B−1∗
f = a2kε2μ2

8(k + ε2μ2)2
, π B−1∗

m = a2ε2μ2

4k + 4ε2μ2

(B-2). When B < B1 and B < B2, we have

wB−2∗ =
√
Bk

μ
, qB−2∗

1 =
√
Bk

k
, pB−2∗ = ak − √

Bkεμ

k

π B−2∗
f = B

2
, π B−2∗

m = a
√
B

√
kεμ − B

(
k + ε2μ2

)

k

(B-3). When B > B2 and K < K1, we have

wB−3∗ = kK

μ
, qB−3∗

1 = K , pB−3∗ = a − K εμ

π B−3∗
f = kK 2

2
, π B−3∗

m = K [εμ(a − K εμ) − kK ]

where B1 = a2kε2μ2

4(k+ε2μ2)2
, B2 = kK 2, K1 = aεμ

2(k+ε2μ2)
.

As illustrated in Fig. 4, B1 and K1 represent optimal solutions that satisfy both the capital
constraint for the manufacturer and the land capacity constraint for the farmer. B2, on the
other hand, indicates a position on an inequality constraint.

Fig. 4 The equilibrium results
under the pure bioenergy strategy
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In the Scenario B-1, the constraints of the manufacturer’s initial capital and the farmer’s
land capacity are not binding (i.e., B > B1 and K > K1). Consequently, in this scenario,
neither the initial capital nor the land capacity limits impact the equilibrium outcomes. This
suggests that the optimal strategy for both the manufacturer and the farmer can be achieved
without being constrained by these factors. In Scenario B-2, the manufacturer faces a limita-
tion in initial capital, indicated by B < B1 and B < B2. In this case, the optimal outcomes
are constrained solely by the initial capital, with land capacity not playing a restrictive role.
Conversely, in Scenario B-3, the farmer operates under a limited land capacity, as shown
by B > B2 and K < K1. This scenario dictates that the optimal results are influenced
primarily by the land capacity constraints, rather than by the initial capital available to the
manufacturer. These scenarios demonstrate how varying constraints can distinctly influence
the optimal decision-making processes in the context of the supply chain.

Proposition 2 characterizes the optimal results for the scenario wherein the manufacturer
adopts a hybrid energy strategy.

Proposition 2 When implementing the hybrid energy strategy, the optimal results for sce-
narios (H-1), (H-2) and (H-3) can be obtained as follows:

(H-1). When B > B3 and K > K2, we have

wH−1∗ = Xε

2
, qH−1∗

1 = Xεμ

2k
, qH−1∗

2 = k(aθ − X) − Xε2μ2

2k
,

pH−1∗ = X + aθ

2
, πH−1∗

f = X2ε2μ2

8k
, πH−1∗

m = k(aθ − X)2 + X2ε2μ2

4k
.

(H-2). When B < B2 and B < B3, we have

wH−2∗ =
√
Bk

μ
, qH−2∗

1 =
√
Bk

k
, qH−2∗

2 = k(aθ − X) − 2
√
Bkεμ

2k
,

pH−2∗ = X + aθ

2
, πH−2∗

f = B

2
, πH−2∗

m = k(aθ − X)2 + 4
√
BkXεμ − 4Bk

4k
.

(H-3). When B > B2 and K < K2, we have

wH−3∗ = kK

μ
, qH−3∗

1 = K , qH−3∗
2 = aθ − X − 2K εμ

2
, pH−3∗ = X + aθ

2
,

πH−3∗
f = kK 2

2
, πH−3∗

m = (aθ − X)2 + 4K Xεμ − 4kK 2

4

where X = t + v + rv, B3 = X2ε2μ2

4k , K2 = Xεμ
2k .

Figure 5 illustrates the equilibrium results under the hybrid energy strategy, encompassing
three distinct scenarios: (H-1) a situation where there is sufficient initial capital and land
capacity, (H-2) a scenario characterized by constraints solely on initial capital, and (H-3) a
case where only land capacity is a limiting factor.

In this framework, specific conditions impact the manufacturer’s pricing decisions for
biomass. When farmers face land capacity constraints (i.e., B > B2 and K < K2) or when
the manufacturer is limited by initial capital (i.e., B < B2 and B < B3), an increase in the
average yield of biomass prompts the manufacturer to reduce the biomass purchase price.
Conversely, in situations where neither themanufacturer nor the farmer faces constraints (i.e.,
B > B3 and K > K2), the average biomass yield has no influence on the biomass purchase
price.
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Fig. 5 The equilibrium results
under the hybrid energy strategy

Table 3 The impact of μ, ε and k on the purchase price of biomass

Parameter Bioenergy strategy Hybrid strategy

wB−1∗ wB−2∗ wB−3∗ wH−1∗ wH−2∗ wH−3∗

μ ↓ ↓ ↓ N ↓ ↓
ε (0, ε1�)↑, (ε1�, 1) ↓ N N ↑ N N

k ↑ ↑ ↑ N ↑ ↑

“↑”: increasing; “↓”: decreasing; “N”: irrelevant; ε1� = √
k
/

μ

After characterizing the equilibrium solutions, we next conduct a sensitivity analysis of
the outcomes under both the pure bioenergy and hybrid energy strategies. Table 3 summarizes
the impact of μ, ε and k on the purchase price of biomass.

As can be seen in Table 3, an increase in the average yield under the pure bioenergy strategy
correlates with a decrease in the biomass purchase price due to the resultant abundance in
biomass supply. In cases where manufacturers and farmers are limited by initial capital
or land capacity, the biomass purchase price remains unaffected by the conversion ratio.
However, under the pure bioenergy strategy with sufficient initial capital and land capacity
(B > B1 and K > K1), there is an observed initial increase and subsequent decrease in
biomass purchase price with the rising conversion ratio. This reflects the impact of advanced
biomass conversion technology, which initially prompts manufacturers to offer higher prices
for biomass to encourage production.

Beyond a certain price point, however, manufacturers reduce the price to optimize eco-
nomic benefits. Conversely, under the hybrid energy strategy with adequate capital and land
capacity, the biomass purchase price consistently increases with the conversion ratio. This
is attributed to the manufacturer’s ability to leverage dual energy sources, justifying higher
biomass prices. Table 3 also indicates that under the pure bioenergy strategy, the biomass
purchase price escalates with the farmers’ cost coefficient, reflecting higher prices set by
manufacturers in response to increased farming efforts. In the hybrid energy strategy, this
trend is observed only when both the manufacturer and farmers are constrained by capital
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Table 4 The impact of μ, ε and k on planting acreage

Parameter Bioenergy strategy Hybrid strategy

qB−1∗
1 qB−2∗

1 qB−3∗
1 qH−1∗

1 qH−2∗
1 qH−3∗

1

μ (0, μ1�)↑; (μ1�,μ) ↓ N N ↑ N N

ε (0, ε1�)↑; (ε1�, 1) ↓ N N ↑ N N

k ↓ ↓ N ↓ ↓ N

“↑”: increasing; “↓”: decreasing; “N”: irrelevant; ε1 = √
k/μ and μ1 = √

k/ε

and land capacity. However, when there are sufficient resources, the cost coefficient does not
significantly impact the purchase price. Table 4 illustrates the impacts of μ, ε and k on the
planting acreage.

Under the pure bioenergy strategy,with sufficient initial capital (B > B1) and land capacity
(K > K1), the planting acreage initially increases with the average yield but subsequently
decreases. This trend reflects farmers’ inclination to expand acreage as yield improves, which
eventually tapers off due to constraints of capital and land. Alternatively, when either the
manufacturer’s initial capital or the farmers’ land capacity is constrained, the average yield
does not influence the planting acreage in either energy strategy. In the hybrid energy strategy,
without constraints on initial capital and land capacity, planting acreage consistently increases
with the average yield. This is attributed to the diversified energy options available to the
manufacturer, leading to heightened competition and prompting farmers to expand their
acreage as yields improve. Table 4 also reveals that the conversion ratio’s impact on planting
acreage mirrors its effect on average yield. When land capacity and initial capital are not
limiting factors, the planting acreage initially increases but then decreaseswith the conversion
ratio under the pure bioenergy strategy. In contrast, under the hybrid strategy, the acreage
continuously increases. In scenarios H-1 and H-2, under both strategies, higher planting costs
lead farmers to reduce their acreage. However, when land capacity is a limiting factor, the
planting cost coefficient does not significantly affect planting acreage.

Table 5 illustrates how key parameters influence the amount of conventional energy used.
It can be observed that with an increase in θ, representing market size, the disparity

between the pure bioenergy and hybrid energy strategies decreases. As the appeal of bioen-
ergy in attracting consumers diminishes, manufacturers are inclined to augment the use of
conventional energy. Table 5 further reveals that an increase in the tax rate (related to the

Table 5 The impact of key
parameters on the amount of
conventional energy

Parameter Hybrid strategy

qH−1∗
2 qH−2∗

2 qH−3∗
2

θ ↑ ↑ ↑
t ↓ ↓ ↓
μ ↓ ↓ ↓
ε ↓ ↓ ↓
k ↑ ↑ N

“↑”: increasing; “↓”: decreasing; “N”: irrelevant
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average yield of biomass and the conversion ratio) prompts the manufacturer to lower the
amount of conventional energy. This adjustment is a response to higher government penalties
for carbon emissions, encouraging a shift towards cleaner bioenergy alternatives.

Moreover, when farmers demonstrate efficient planting capabilities, characterized by
higher biomass yield and conversion ratios, the manufacturer tends to reduce reliance on
conventional energy. Conversely, when farmers exert more effort in planting, reflected in
higher cost coefficients, the manufacturer compensates by increasing conventional energy
usage. Notably, when manufacturers have adequate capital but farmers face capacity con-
straints, the farmers’ planting cost coefficient does not significantly impact the amount of
conventional energy used by the manufacturer. The sensitivity of pricing decisions to these
key parameters is shown in Table 6.

It can be observed that under the pure bioenergy strategy, product prices tend to decrease
as farming efficiency improves, evident in higher average yields and conversion ratios. In
contrast, under the hybrid energy strategy, these factors—higher yields and conversion effi-
ciencies—do not significantly alter product prices. However, an increase in planting costs,
indicating less efficient farming, leads to a rise in product prices, especially in scenarios
where land capacity is not a limiting factor. In situations with restricted land capacity, the
impact of the cost coefficient on product prices is negligible. Furthermore, as the market size
becomes increasingly similar for both energy strategies, the product price under the hybrid
strategy is observed to rise. Conversely, the market size does not have a significant impact
on the product price in the pure bioenergy strategy.

Table 7 illustrates the impact of key parameters on the farmer’s expected profit. Under the
pure bioenergy strategy, in scenarios where the farmer is not constrained by land capacity
and the manufacturer possesses ample initial capital, the farmer’s profit initially increases

Table 6 The impact of μ, ε and k on the product price

Parameter Bioenergy strategy Hybrid strategy

pB−1∗ pB−2∗ pB−3∗ pH

μ ↓ ↓ ↓ N

ε ↓ ↓ ↓ N

k ↑ ↑ N N

θ N N N ↑
“↑”: increasing; “↓”: decreasing; “N”: irrelevant

Table 7 The impact of μ, ε and k on the farmers’ profit

Parameter Bioenergy strategy Hybrid strategy

π B−1∗
f π B−2∗

f π B−3∗
f πH−1∗

f πH−2∗
f πH−3∗

f

μ (0, μ1�)↑; (μ1�,μ) ↓ N N ↑ N N

ε (0, ε1�)↑; (ε1�, 1) ↓ N N ↑ N N

k (0, k1�)↑; (k1�,k) ↓ N ↑ ↓ N ↓

“↑”: increasing; “↓”: decreasing; “N”: irrelevant; ε1 = √
k/μ, μ1 = √

k/ε and k1 = ε2μ2
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Table 8 The impact of μ, ε and k on the manufacturer’s profit

Parameter Bioenergy strategy Hybrid strategy

π B−1∗
m π B−2∗

m π B−3∗
m πH−1∗

m πH−2∗
m πH−3∗

m

μ ↑ (0, μ2)↑; (μ2,μ) ↓ (0, μ3)↑; (μ3,μ) ↓ ↑ ↑ ↑
ε ↑ (0, ε2)↑; (ε2, 1) ↓ (0, ε3)↑; (ε3, 1) ↓ ↑ ↑ ↑
k ↓ (0, k2)↑; (k2,k) ↓ ↓ ↓ ↓ ↓
θ N N N ↑ ↑ ↑

“↑”: increasing; “↓”: decreasing; “N”: irrelevant;ε2 = a
√
k/2

√
Bμ; μ2 = a

√
k/2

√
Bε; k2 = 4Bε2μ2/a2;

ε3 = a/2Kμ; μ3 = a/2K ε

and then decreases with the average yield of biomass feedstocks. As shown in Table 3,
an increase in biomass yield leads to a reduction in the biomass purchase price set by the
manufacturer. Consequently, farmers initially expand their planting acreage due to larger
yields but eventually reduce it due to lower prices. Such dynamic interplay directly influences
the farmer’s profit trend. In the hybrid strategy scenario, where neither the farmer nor the
manufacturer faces constraints, the farmer’s profit increaseswith the average yield of biomass.
This rise in profit is attributed to an increase in planting acreage against a backdrop of stable
wholesale prices. Furthermore, the impact of the conversion ratio on the farmer’s profit
mirrors that of the average yield, as both higher biomass yields and conversion ratios signify
improved planting efficiency, affecting the wholesale price and planting acreage similarly.

Under the pure bioenergy strategy with sufficient land and capital resources, the farmer’s
profit shows an initial increase followed by a decrease in the cost coefficient, as Table 7
shows. Conversely, if the farmer has ample land capacity and the manufacturer is capital-
constrained, the cost coefficient does not influence the farmer’s profit. On the other hand,
when the manufacturer has limited land capacity but sufficient funds, the farmer’s profit
increases, reflecting the cost coefficient’s effect on the biomass purchase price and planting
acreage. Under the hybrid strategy, the farmer’s profit decreases with the cost coefficient
when the manufacturer has larger funds but remains unaffected when the manufacturer is
capital-constrained.

Table 8 shows the impact of key parameters on the manufacturer’s profit under differ-
ent energy strategies. Under the pure bioenergy strategy, when farmers are not limited by
land capacity and the manufacturer has ample initial capital, an increase in the average
yield of biomass leads to a rise in the manufacturer’s profit. However, if farmers encounter
land constraints or the manufacturer’s initial capital is limited, the manufacturer’s profit ini-
tially increases but then decreases with the increasing average yield of biomass. Under the
hybrid energy strategy, the manufacturer benefits from a higher average yield of biomass,
demonstrating a positive correlation between yield and profit. Similarly, the conversion ratio
influences the manufacturer’s profit in a manner akin to the effect of the biomass yield.

When operating under the pure bioenergy strategy with relatively higher initial funds,
the manufacturer’s profit decreases as the farmer’s cost coefficient increases. Conversely,
if the manufacturer is capital-constrained, their profit initially rises and then falls with the
increase in the farmer’s planting cost coefficient. In the hybrid energy strategy, the farmer’s
cost coefficient invariably negatively impacts the manufacturer’s profit. Additionally, the
manufacturer’s profit under the hybrid strategy increases as the market potential between
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the pure bioenergy and hybrid strategies narrows. Interestingly, under the pure bioenergy
strategy, the manufacturer’s profit remains unaffected by the market size parameter θ.

5 Comparative analysis

In this section, we first conduct a comparative analysis of optimal decisions under pure
bioenergy and hybrid energy strategies. We then compare alternative strategies to identify
the manufacturer’s preferred energy strategy for maximizing its profit. Our first comparison
is divided into two scenarios based onmarket potential, with each scenario further segmented
into five regions (Fig. 6). Details of the optimal decisions in different regions are shown in
Table 9.

Proposition 3 The comparison of the biomass purchase price and planting acreage between
pure bioenergy and hybrid energy strategies can be described as follows:

(i) When 0 < a < a1, if K > K1 and B > B1, then wB∗ < wH∗, qB∗
1 < qH∗

1 ; if K < K1

and B > B2, or B < B2 and B < B1, then wB∗ = wH∗, qB∗
1 = qH∗

1 .
(ii). When a > a1, if K > K2 and B > B3, then wB∗ > wH∗, qB∗

1 > qH∗
1 ; if K < K2 and

B > B2, or B < B2 and B < B3, then wB∗ = wH∗, qB∗
1 = qH∗

1 .

Proposition 3-(i) examines a smaller market size (0 < a < a1) scenario. Here, with ample
land capacity (K > K1) and sufficient manufacturer funds (B > B1), the pure bioenergy
strategy results in lower biomass purchase prices and planting acreage compared to the hybrid
strategy, as seen in regions I, II, and III of Fig. 6a. This is attributed to the limited market
potential and the manufacturer’s preference for the stability provided by conventional energy
in the hybrid strategy. Conversely, constraints on either party (regions IV and V) lead to
unchanged planting acreage and purchase prices.

Proposition 3-(ii) focuses on a larger market size (a > a1). In this scenario, when both
the farmer and the manufacturer are not constrained (K > K2, B > B3), the pure bioenergy
strategy sees higher purchase prices and planting acreage than the hybrid strategy (regions I,

Fig. 6 The ranges of decision comparison
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Table 9 The optimal decisions under the two strategies in different regions

R a < a1 a > a1

I (wB−1∗, qB−1∗
1 , pB−1∗),

(wH−1∗, qH−1∗
1 , pH−1∗)

(wB−1∗, qB−1∗
1 , pB−1∗),

(wH−1∗, qH−1∗
1 , pH−1∗)

II (wB−1∗, qB−1∗
1 , pB−1∗),

(wH−3∗, qH−3∗
1 , pH−3∗)

(wB−3∗, qB−3∗
1 , pB−3∗),

(wH−1∗, qH−1∗
1 , pH−1∗)

III (wB−1∗, qB−1∗
1 , pB−1∗),

(wH−2∗, qH−2∗
1 , pH−2∗)

(wB−2∗, qB−2∗
1 , pB−2∗),

(wH−1∗, qH−1∗
1 , pH−1∗)

IV (wB−2∗, qB−2∗
1 , pB−2∗),

(wH−2∗, qH−2∗
1 , pH−2∗)

(wB−2∗, qB−2∗
1 , pB−2∗),

(wH−2∗, qH−2∗
1 , pH−2∗)

V (wB−3∗, qB−3∗
1 , pB−3∗),

(wH−3∗, qH−3∗
1 , pH−3∗)

(wB−3∗, qB−3∗
1 , pB−3∗),

(wH−3∗, qH−3∗
1 , pH−3∗)

II, and III in Fig. 6b). This is due to pure bioenergy’s demand advantages in larger markets.
However, when either party is constrained, the decisions remain consistent across both strate-
gies. This scenario underscores a market potential threshold impacting optimal decisions.

Proposition 4 The price comparison under the two energy strategies can be presented as
follows:

(i) When 0 < a < a1,

• In regions I, II and III, if 0 < a < a2, then pB∗ < pH∗; if a2 < a < a1, then
pB∗ > pH∗;

• In region IV, if 0 < a < a3 and a4 < a < a1, then pB∗ > pH∗; when a3 < a < a4,
if 0 < B < B4, then pB∗ > pH∗; if B4 < B < B1, then pB∗ < pH∗;

• In region V, if 0 < a < a2, then pB∗ > pH∗; when a2 < a < a1, if 0 < K < K3,
then pB∗ > pH∗; if K3 < K < K1, then pB∗ < pH∗.

(ii). when a > a1, then pB∗ > pH∗.

Proposition 4 suggests that pricing in the supply chain is influenced by multiple factors,
including land capacity, financial constraints, and market potential. For instance, in scenario
a < a1, with larger land capacity and sufficient funds, the bioenergy strategy pricing varies
inversely with market size. Additionally, in regions with financial or land capacity constraints
(regions IV and V), these constraints notably affect the end product prices. Yet, in larger
markets (a < a1), market demand predominantly dictates pricing, with the pure bioenergy
strategy generally commanding higher prices.

Our second comparison study aids in determining the optimal timing for achieving decar-
bonization in the supply chain by considering the manufacturer’s preferred energy strategy.
Results are summarized in Table 10.

Proposition 5 When a < a1, the manufacturer’s preferred energy strategy can be character-
ized as follows:
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Table 10 The comparison range
of the manufacturer’s profit Region (Fig. 6) a < a1 a > a1

I π B∗−1
m , πD∗−1

m π B∗−1
m , πD∗−1

m

II π B∗−1
m , πD∗−3

m π B∗−3
m , πD∗−1

m

III π B∗−1
m , πD∗−2

m π B∗−2
m , πD∗−1

m

IV π B∗−2
m , πD∗−2

m π B∗−2
m , πD∗−2

m

V π B∗−3
m , πD∗−3

m π B∗−3
m , πD∗−3

m

(i) When (B, K ) ∈ regionsI, if 0 < μ < μ5, then π B∗
s < πH∗

s ; if μ > μ5, when
0 < a < a5, then π B∗

s < πH∗
s ; if a5 < a < a1, then π B∗

s > πH∗
s .

(ii) When (B, K ) ∈ regions II and III, if 0 < μ < μ5, then π B∗
s < πH∗

s ; if μ > μ5,
when 0 < a < a6, thenπ B∗

s < πH∗
s ; if a5 < a < a1, thenπ B∗

s > πH∗
s ; if a6 < a < a5, when

K1 < K < K ∗\B1 < B < B∗, then π B∗
s > πH∗

s ; when K ∗ < K < K2\B∗ < B < B3,
then π B∗

s < πH∗
s .

(iii). When (B, K ) ∈ regions IV and V, if 0 < μ < μ5, then π B∗
s < πH∗

s ; if μ > μ5,
when 0 < a < a6, then B∗

s <H∗
s ; if a6 < a < a1, when 0 < B < B∗∗\0 < K < K ∗∗, then

B∗
s <H∗

s ; when B∗∗ < B < B1\K ∗∗ < K < K1, then π B∗
s > πH∗

s .
Proposition 5 indicates that under scenario a < a1, the manufacturer’s optimal energy

procurement strategy predominantly depends on the farmer’s average yield of biomass feed-
stocks. With a low average yield 0 < μ < μ5, the manufacturer opts for a hybrid energy
strategy to mitigate potential shortages in biomass feedstock supply. Conversely, with a high
yield, μ > μ5, the manufacturer’s strategy is influenced by market size. In smaller mar-
kets, 0 < a < a6or0 < a < a5, the hybrid strategy is favored, whereas in larger markets,
a5 < a < a1ora6 < a < a1, a shift towards a bioenergy strategy occurs, facilitating supply
chain decarbonization. For moderate market sizes, a6 < a < a1, the manufacturer must
weigh initial capital investment or the farmer’s land capacity to determine the optimal strat-
egy.

When biomass yield is high, sufficient farmer planting acreage can meet the manufac-
turer’s energy requirements. Here, market size becomes a critical factor for supply chain
decarbonization. In larger markets, pure bioenergy is more advantageous, while in smaller
markets, a hybrid strategy is preferable. Thus, when a < a1, two conditions are essential
for decarbonizing the supply chain: the farmer must increase the average yield of biomass
feedstocks, and the market potential for the end products should be relatively high.

The manufacturer’s energy strategy in scenario a > a1, is explored by examining each
region in Fig. 6b more closely. Region I (B > B1andK > K1) is analyzed first, as outlined
in Proposition 6, with the relationship between μ and θ depicted in Fig. 7.

Proposition 6 When a > a1, B > B1andK > K1, the manufacturer’s preferred energy
strategies can be characterized as follows:

(i) When (μ, θ) ∈ A, if a1 < a < a5 ora > a7, then π B∗
s < πH∗

s ; if a5 < a < a7, then
π B∗
s > πH∗

s .
(ii) When (μ, θ) ∈ B, π B∗

s > πH∗
s .

(iii) When (μ, θ) ∈ C , if a1 < a < a5, then π B∗
s < πH∗

s ; if a > a5, then π B∗
s > πH∗

s .
(iv) When (μ, θ) ∈ D, ifa1 < a < a5, then π B∗

s > πH∗
s ; if a > a5, then π B∗

s < πH∗
s .
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Fig. 7 Relationship between μ and θ (k = 1andε = 0.5)

Proposition 6, alongside Fig. 7, reveals that with adequate funds and sufficient land capac-
ity, the manufacturer’s strategy is shaped by biomass yield, conversion ratio, and market size,
particularly in larger markets.

In region A, with low μ, a hybrid strategy is beneficial in both small and large markets;
for medium-sized markets, a bioenergy strategy is preferred. In region B, with high μ, the
manufacturer consistently leans towards bioenergy. In regions C and D, where biomass yield
is moderate, the manufacturer’s strategy is interesting. A substantial market potential gap, θ <
0.5, leads to a preference for a hybrid strategywhen a1 < a < a5 and bioenergywhen a > a5.
A smaller gap results in opposite choices. The conditions for supply chain decarbonization
in scenario B > B1andK > K1 are: (1) with low yield, decarbonization is achievable in
medium-sized markets; (2) with high yield, decarbonization is always possible; (3) with
moderate yield, decarbonization occurs when both the market potential gap and market size
are either large or small.

Proposition 6 suggests a sophisticated decision-making framework for manufacturers
regarding energy strategy. The strategy is influenced by the intricate balance of biomass yield,
market size, and conversion efficiency. In practical application, managersmust consider these
elements collectively to refine their approach to supply chain decarbonization. For example,
in environments with low biomass yield or significant market potential gaps, a hybrid strategy
could provide the necessary versatility. In contrast, areas with high biomass yield may benefit
more from a dedicated bioenergy strategy, which could consistently support decarbonization
efforts irrespective of the market size, thereby strengthening the company’s commitment to
sustainability.

Next, we discuss the scenario K2 < K < K1 and B > B2 in region II in Fig. 6b.

Proposition 7 When a > a1, K2 < K < K1 and B > B2, the manufacturer’s energy
strategies can be characterized as follows:

(i) When(μ, θ) ∈ A,C , ifa1 < a < a8, anda > a9,whenK2 < K < K4, thenπ B∗
s < πH∗

s ,
whenK4 < K < K1, π B∗

s > πH∗
s ; if a8 < a < a9, then π B∗

s > πH∗
s .

(ii) When(μ, θ) ∈ B, D, if a1 < a < a9, thenπ B∗
s > πH∗

s ; ifa > a9, when K2 < K < K4,
then π B∗

s π <H∗
s , when K4 < K < K1, then π B∗

s > πH∗
s .
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Proposition 7 and Fig. 7 demonstrate that under conditions of limited farmer land capacity,
K2 < K < K1, coupledwith relatively unrestricted capital for themanufacturer, B > B2, the
manufacturer’s choice of energy procurement strategy is influenced by three critical factors:
the average yield of biomass, the efficiency of biomass-to-energy conversion, and the size
of the market. Specifically, when the average biomass yield is low, μ < μ5, and the market
size is either relatively small or large, the chosen strategy is contingent on the maximum
land capacity available for biomass production. In cases where the farmer’s land capacity
is limited, the manufacturer leans towards a hybrid energy strategy. Conversely, if the land
capacity is more substantial, the manufacturer tends to adopt a pure bioenergy strategy.
Notably, in scenarios with a moderate market size, the manufacturer invariably prefers the
pure bioenergy strategy, regardless of variations in land capacity.

When biomass yield is high, μ < μ5, the manufacturer’s energy strategy varies signifi-
cantly. In cases where the market size is relatively small, the manufacturer’s optimal choice
leans towards the pure bioenergy strategy. However, as the market size increases, the strategy
becomes contingent upon the farmer’s available land capacity. Specifically, with a relatively
limited land capacity, the manufacturer is inclined to prefer the hybrid energy strategy. In
contrast, when there is a larger land capacity at the farmer’s disposal, the manufacturer tends
to favor the pure bioenergy strategy.

As Proposition 7 shows, decarbonization with limited land capacity is viable under three
conditions: (1) low biomass yield, small or large market potential, and relatively large land
capacity; (2) low yield and medium market size; (3) high yield with either small market
potential or large market size and land capacity. Proposition 7 further indicates that manufac-
turers must carefully assess the available land for biomass productionwhen deciding between
hybrid and pure bioenergy strategies. For instance, in a situation of low yield and limited land,
a hybrid strategy may be more viable to ensure energy needs are met without overextending
land resources. Conversely, with high yield and ample land, a pure bioenergy strategy could
be sustainable and possibly more profitable, given the higher efficiency of biomass-to-energy
conversion. Decarbonization efforts are thus closely tied to these variables, and manufactur-
ers must align their strategy with the specific market and capacity conditions to achieve their
sustainability goals effectively.

The scenario B3 < B < B1andB2, in region III in Fig. 6b is addressed next.

Proposition 8 When a > a1, B3 < B < B1andB2, the manufacturer’s energy strategies can
be characterized as follows,

(i) When (μ, θ) ∈ A, ifa1 < a < a5, and a > a7, then π B∗
s < πH∗

s ; if a5 < a < a8
and a9 < a < a7, when B3 < B < B5, then π < πH∗

s ; when B5 < B < B1, then
π B∗
s > πH∗

s ; ifa8 < a < a9, then π B∗
s > πH∗

s .
(ii) When (μ, θ) ∈ C , if a1 < a < a5, then π B∗

s < πH∗
s ; if a5 < a < a8 and a > a9,

when B3 < B < B5, then π B∗
s < πH∗

s , when B5 < B < B1, then π B∗
s > πH∗

s ; if
a8 < a < a9, then π B∗

s > πH∗
s .

(iii) When (μ, θ) ∈ D, if a1 < a < a9, then π B∗
s > πH∗

s ; if a9 < a < a7, when
B3 < B < B5, then π B∗

s < πH∗
s , when B5 < B < B1, then π B∗

s > πH∗
s ; if a > a7,

then π B∗
s < πH∗

s .
(iv) When (μ, θ) ∈ B, if a1 < a < a9, then π B∗

s > πH∗
s ; if a > a9, when B3 < B < B5,

then π B∗
s < πH∗

s , whenB5 < B < B1, then π B∗
s > πH∗

s .

Proposition 8 and Fig. 5 illustrate how manufacturers choose their energy strategy when
capital is limited. Proposition 8-(i) reveals that in scenarios like region A, where the farmer’s
average biomass yield is low, themanufacturer’s strategy is significantly influenced bymarket

123



Annals of Operations Research

size. In markets that are either relatively small or large, a hybrid energy strategy is preferred.
However, in medium-sized markets, the strategy is categorized into three distinct cases based
on capital availability: (1) in small or large markets, the energy strategy aligns with the
level of capital; (2) with limited capital, a hybrid strategy is optimal; and (3) sufficient capital
leads to a preference for pure bioenergy. Notably, in medium-sizedmarkets, themanufacturer
generally leans towards pure bioenergy.

Further, Proposition 8-(ii) addresses scenarioswhere the biomass yield ismoderate, and the
market size discount exceeds 0.5. Here, the manufacturer’s energy strategy is contingent on
bothmarket size and initial capital. In smaller markets, the hybrid strategy is favored, whereas
in markets larger than a5, the strategy diverges into three possibilities: (1) the choice hinges
on capital levels in small or large markets; (2) limited capital dictates a hybrid approach; and
(3) ample capital suggests pure bioenergy as the optimal strategy. In medium-sized markets,
the manufacturer typically opts for pure bioenergy.

Proposition 8-(iii) examines scenarios with an average biomass yield and a market size
discount below 0.5. In these cases, the manufacturer’s strategy varies in different regions A
and C (μ < μ5). In small (or large) markets, pure bioenergy (or hybrid energy) is preferred.
For middle-sized markets, the strategy is based on initial capital; limited capital leads to a
hybrid strategy, whereas sufficient capital results in a pure bioenergy approach.

Proposition 8-(iv) outlines the optimal strategy when the biomass yield is high. In smaller
markets, the manufacturer favors pure bioenergy. However, in larger markets, the strategy
depends on capital availability; limited capital leads to a hybrid approach, while substantial
capital supports pure bioenergy.

Next, we consider the scenario B < B2andB3 in region IV, as depicted in Fig. 6b.

Proposition 9 When a > a1, B < B2andB3, the manufacturer’s energy strategies can be
characterized as follows:

(i) For K < K2,
• When (μ, θ) ∈ A,C , if a1 < a < a10 and a > a11, then π B∗

s < πH∗
s ; if a10 < a < a11,

when 0 < B < B6, then π B∗
s < πH∗

s ;B6 < B < B2, then π B∗
s > πH∗

s ;
• When (μ, θ) ∈ B, D, if a1 < a < a11, when 0 < B < B6, then π B∗

s < πH∗
s ; when

B6 < B < B2, then π B∗
s > πH∗

s ; ifa > a11, then π B∗
s < πH∗

s .
(ii) For K > K2,
• When (μ, θ) ∈ A,C , if a1 < a < a8 and a > a9, then π B∗

s < πH∗
s ; if a8 < a < a9,

when 0 < B < B6, then π B∗
s < πH∗

s , whenB6 < B < B3, then π B∗
s > πH∗

s ;
• When (μ, θ) ∈ B, D, if a1 < a < a9, when 0 < B < B6, then π B∗

s < πH∗
s ; when

B6 < B < B3, then π B∗
s > πH∗

s ; if a > a9, then π B∗
s < πH∗

s .

Propositions 9 and Fig. 7 demonstrate the optimal strategies for manufacturers with con-
strained capital. Two scenarios are considered K < K2 (limited land capacity) and K > K2

(adequate land capacity). With K < K2 and biomass yield below μ5, the manufacturer
prefers a hybrid strategy in small or large markets, but this preference shifts based on capital
levels in medium-sized markets. If capital is limited, the hybrid strategy is chosen; if capi-
tal is sufficient, the bioenergy strategy is adopted. This pattern differs when biomass yield
is above μ5; in small markets, the strategy is capital-dependent, while in large markets, a
hybrid strategy is preferred. The optimal strategies for K > K2 follow similar patterns but
with adjusted market size and capital thresholds.

For managers, this underscores the importance of a flexible strategy that can adapt to
varying levels of capital and land capacity. In practical terms, a hybrid strategy could be
advantageous for manufacturers with low biomass yield and limited land, particularly in
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smaller or larger markets. This approach allows for energy diversification, mitigating risks
associated with resource limitations. Conversely, with sufficient capital, even with limited
land, investing in a bioenergy strategy could yield long-term benefits in medium-sized mar-
kets. This suggests that investment decisions in energy procurement must be dynamically
aligned with the company’s operational constraints and market conditions to optimize for
sustainability and financial performance.

Finally, we address the scenario B > B2 and K < K2 in region V of Fig. 6b, as illustrated
in Proposition 10 and Fig. 7.

Proposition 10 When a > a1, B > B2 and K < K2, the manufacturer’s energy strategies
can be characterized as follows:

(i) When (μ, θ) ∈ A,C , if a1 < a < a8 and a > a9, then π B∗
s < πH∗

s ; if a8 < a < a9,
when 0 < K < K5, then π B∗

s < πH∗
s ; when K5 < K < K2, then π B∗

s > πH∗
s .

(ii) When (μ, θ) ∈ B, D, if a1 < a < a9, when 0 < K < K5, then π B∗
s < πH∗

s , when
K5 < K < K2, thenπ B∗

s > πH∗
s ; if a > a9, then π B∗

s < πH∗
s .

Proposition 10 sheds light on a scenario where the manufacturer operates with relatively
high capital and limited land capacity. Under these conditions, if the farmer’s average biomass
yield is belowμ5, the manufacturer opts for a hybrid strategy in both small and large markets.
In medium-sized markets, the strategy depends on land capacity; a lower capacity leads to a
hybrid approach, while a higher capacity favors pure bioenergy.

6 Conclusion

The issue of environmental pollution and the imperative for a shift in the energy structure
within manufacturing supply chains have gained widespread recognition in recent years.
Bioenergy stands out as a promising solution for mitigating carbon emissions and fostering
sustainable development within supply chains.

This study employed a game-theoretic model involving key players, namely an agricul-
tural biomass producer (farmer), a manufacturer, and a traditional energy supplier. Focusing
on supply chain decarbonization as the key objective, we modeled and analyzed the man-
ufacturer’s energy strategies. Specifically, the study addressed key questions, such as the
effectiveness of the proposed energy adoption model in achieving supply chain decarboniza-
tion, the equilibrium outcomes between implementing a pure bioenergy strategy and a hybrid
energy strategy, and the varying effects on the farmer’s planting acreage and product prices
resulting from different bioenergy strategies.

The research explored optimal energy strategies for manufacturers, with a focus on bioen-
ergy utilization within different market sizes. Our analysis uncovered the complex nature of
optimal energy strategy determination, influenced by factors such as average biomass yield,
conversion rates, market size, land capacity, and the manufacturer’s initial capital. These fac-
tors are proven to significantly shape decision-making processes within the manufacturing
sector. Our results revealed that, in smaller markets, manufacturers tend towards a hybrid
energy strategy, particularly when biomass yields are low. Conversely, in larger markets with
higher biomass yields, a pure bioenergy strategy becomes a more viable choice.

The findings underscore a complex interplay between manufacturers’ energy strategy
selection and profitability, emphasizing the absence of a one-size-fits-all solution. Manufac-
turers must tailor their strategies to specific market conditions and resource availability, with
decision-making differing significantly between pure bioenergy and hybrid strategies. The
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research also examined the ramifications of carbon tax policies on energy strategies, stressing
the need for manufacturers to balance environmental responsibilities with profitability.

Additionally, the study revealed diverse impacts of biomass conversion technologies on
supply chain decisions, indicating the potential of Industry 5.0 and advanced agricultural
biomass conversion technologies to enhance energy efficiency and facilitate supply chain
decarbonization. For instance, under a hybrid strategy, technological advancements can lead
to increased biomass purchase prices, expanded planting areas, and greater profits for both
farmers and suppliers. In contrast, the impact of conversion technology on the supply chain
under a pure bioenergy strategy depends on the agricultural biomass conversion ratio.

The conversion of agricultural biomass into bioenergy aligns with global efforts toward
environmental sustainability, necessitating the integration of environmental considerations
into the strategic planning of the manufacturing sector. The insights derived from this study
bear significance for manufacturers, policymakers, and agricultural stakeholders, offering
informed guidance for decisions regarding the adoption of energy strategies and investment
in bioenergy technologies. While providing valuable insights, the study acknowledges lim-
itations due to the variability in agricultural biomass availability and the fluctuating nature
of market demands. Further research is needed to assess the long-term sustainability and
environmental impacts of the widespread adoption of bioenergy from agricultural biomass
and to explore the scalability and economic impacts of different energy strategies in diverse
supply chain contexts.
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Appendix: Mathematical proofs

In this paper we used the backward induction approach and KKT conditions for solving
optimization problems with inequality constraints and obtaining the equilibrium solutions.
In backward induction the idea is to start from the end of the game and work backwards
to the beginning, determining the optimal strategy at each step. For example, as shown
in Fig. 1, when the manufacturer chooses the pure bioenergy strategy the first decision in
the sequence is made by the farmer, who decides on the planting area q1. This decision is
influenced by factors such as expected market prices for the biomass, the cost of planting,
and capacity constraints. The next step in this sequence involves the manufacturer deciding
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on the purchase price of the biomass feedstocks, denoted as w. This decision is based on
various factors, including the cost of production, market demand, and the planting area q1
decided by the farmer. This approach ensures that the decision-making process accounts for
the responses and strategies of both the farmer and the manufacturer, leading to a more robust
and strategic outcome in the context of a pure bioenergy strategy. In hybrid energy strategy,
as in the pure bioenergy strategy, the first decision is made by the farmer, who decides on the
planting area q1. In the final step, the manufacturer makes two key decisions.

The first decision is determining the purchase price of the biomass feedstocks w, which
will influence the cost of production and potentially the demand for the final product. The
second decision is the amount of conventional energy q2 to be used in conjunction with the
biomass. This decision is affected by factors such as the cost of biomass and conventional
energy, carbon tax penalty and the efficiency of the hybrid energy strategy. For example,
in this paper, for the farmer’s land capacity constraint we consider q1 ≤ K and for the
manufacturer limited initial capital B we consider wμq1 ≤ B.

Proof of Proposition 1

Using backward induction, we first solve the farmer’s planting acreage q1. Define the
Lagrange function as

LB
π f

(q1) = wμq1 − 1

2
kq21 + x(K − q1) (A.1)

∂LB
π f

∂q1
= wμ1 − kq1 − x = 0 (A.2)

x(K − q1) = 0 (A.3)

x ≥ 0 (A.4)

Taking the second derivative, we have
∂LB

π f

∂q21
= −k < 0, thus concavity always holds.

Solving the KKT Eqs. (A.2)–(A.4), we can get two scenarios, i.e., x = 0 and x > 0. When
x = 0, we obtain the planting acreage q1 = wμ

k . Based on the condition q1 ≤ K , we have
w ≤ kK

μ
. When x > 0, we get q1 = K and x = −kK + wμ. Based on x > 0, w > kK

μ
is

got.
Next, we solve the green manufacturer’s purchase price of biomass based on the above

scenarios, i.e., q1 = wμ
k , w ≤ kK

μ
and q1 = K , w > kK

μ
.

First, considering the scenario q1 = wμ
k and w < kK

μ
. Define the Lagrange function as

LB
πm

=
(
a − εμ

wμ

k

)
εμ

(wμ

k

)
− wμ

(wμ

k

)
+ y

(
B − wμ

(wμ

k

))
(A.5)

∂LB
πm

∂w
= μ2{k[−2w(1 + y) + aε] − 2wε2μ2}

k2
= 0 (A.6)

y(B − wμq1) = 0 (A.7)

y ≥ 0 (A.8)

According to the second derivative
∂2LB

πm
∂w2 = − 2μ2(k+ky+ε2μ2)

k2
< 0, concavity always

holds. When y = 0, based on KKT Eqs. (A.6)–(A.8), w = akε
2(k+ε2μ2)

and q1 = aεμ

2(k+ε2μ2)
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are obtained. From the conditions w < kK
μ

and B > wμq1, we get the boundary line

B > B1 = a2kε2μ2

4(k+ε2μ2)2
and K > K1 = aεμ

2(k+ε2μ2)
.

Moreover, when y > 0, based on KKT Eqs. (A.6)–(A.8), w =
√
B

√
k

μ
, q1 =

√
Bk
k ,

y = −2Bk+a
√
B

√
kεμ−2Bε2μ2

2Bk . According to the conditions y > 0 and w < kK
μ
, we get the

boundary line B < B1 = a2kε2μ2

4(k+ε2μ2)2
and B < B2 = kK 2.

Second, considering the scenario q1 = K and w > kK
μ
. Define the Lagrange function as

LB
πm

= (a − εμK )εμK − wμK + y(B − wμK ) (A.9)

Based on the first order derivatives
∂LB

πm
∂w

= −Kμ − Kyμ < 0, the manufacturer’s profit
is decreasing withw. Therefore,w = kK

μ
. Besides, based on B ≥ wμK , we get the boundary

line B ≥ B2 = kK 2.

Proof of Proposition 2

Using backward induction, we first solve the farmers’ planting acreage q1. Define the
Lagrange function as

LH
π f

= wμq1 − 1

2
kq21 + x(K − q1) (A.10)

The Lagrange function LH
π f

is the same as that under pure bioenergy strategy. Therefore,

two scenarios q1 = wμ
k , w < kK

μ
and q1 = K , w > kK

μ
should be considered. Next,

we analyze the manufacturer’s purchase price of biomass w and the amount of traditional
energyq2.

First, considering the scenario q1 = wμ
k and w < kK

μ
. Define the Lagrange function as

LH
πm =

[
θa − εμ

(wμ

k

)
− q2

](
εμ

(wμ

k

)
+ q2

)
− wμ

(wμ

k

)
− vq2(1 + r) − tq2 + y

[
B − wμ

(wμ

k

)]

(A.11)
∂LH

πm

∂w
= −μ2[k(2w + 2wy − aεθ) + 2wε2μ2 + 2kεq2]

k2
(A.12)

∂LH
πm

∂q2
= −t − (1 + r)v + aθ − 2wεμ2

k
− 2q2 (A.13)

y(B − wμq1) = 0 (A.14)

y ≥ 0 (A.15)

Furthermore, we get the Hessian matrix

H =
⎛

⎝
∂2LH

m
∂w2

∂2LH
m

∂w∂q2
∂2LH

m
∂q2∂w

∂2LH
m

∂q22

⎞

⎠ =
(

− 2μ2(k+ky+ε2μ2)

k2
− 2εμ2

k

− 2εμ2

k −2

)

(A.16)

Here, the first principal is |H1×1| = − 2μ2(k+ky+ε2μ2)

k2
< 0 and the second principal minor

is |H2×2| = 4(1+y)μ2

k > 0. Hence, concavity always holds. When y = 0, based on KKT
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Eqs. (A.12)–(A.15), we obtain w = 1
2 (tε + vε + rvε), q2 = k(aθ−t−v−rv)−(t+v+rv)ε2μ2

2k ,

q1 = (t+v+rv)εμ
2k . From the conditions w < kK

μ
and B > wμq1, the boundary line B >

B3 = (t+v+rv)2ε2μ2

4k and K > K2 = (t+v+rv)εμ
2k are obtained.

Besides, when y > 0, we obtain w =
√
B

√
k

μ
, q2 = −kt−kv−krv+akθ−2

√
B

√
kεμ

2k ,y =
−2

√
B

√
k+tεμ+vεμ+rvεμ

2
√
B

√
k

. From the conditions y > 0 and w < kK
μ
, we obtain the boundary

line B < B3 = (t+v+rv)2ε2μ2

4k and B < B2 = kK 2.
Second, considering the scenario q1 = K and w > kK

μ
. Define the Lagrange function as

LH
πm

= [θa − εμK − q2](εμK + q2) − wμK − vq2(1 + r) − tq2 + y[B − wμK ]
(A.17)

∂LB
πm

∂w
= −Kμ − Kyμ < 0 (A.18)

∂LB
πm

∂q2
= −t − (1 + r)v + aθ − 2K εμ − 2q2 (A.19)

y[B − wμK ] = 0 (A.20)

y ≥ 0 (A.21)

Based on the first order derivatives
∂LB

πm
∂w

= −Kμ − Kyμ < 0 and
∂2LB

πm
∂q22

= −2 < 0, we

get the manufacturer’s profit is decreasing with w and concave with q2. Based on the KKT
Eqs. (A.18)–(A.21), we obtain w = kK

μ
, q1 = K and q2 = 1

2 (−t − v − rv + aθ − 2K εμ).

From the condition B ≥ wμK , we get the boundary line B ≥ B2 = kK 2.

Proof of Table 3

To investigate how w is affected by μ, k and ε, we take the first order derivatives as follows:
(i) Under pure bioenergy strategy:
When B > B1 and K > K1, we have

∂wB−1∗

∂μ
= − akε3μ

(k + ε2μ2)2
< 0,

∂wB−1∗

∂k
= aε3μ2

2(k + ε2μ2)2
> 0

∂wB−1∗

∂ε
= ak(k − ε2μ2)

2(k + ε2μ2)2
(A.22)

From Eq ∂wB−1∗
∂ε

= 0, we get ε1� =
√
k

μ
.

Hence, when 0 < ε < ε1, ∂wB−1∗
∂ε

> 0, when ε1 < ε < 1, ∂wB−1∗
∂ε

< 0.
When B < B1 and B < B2,

∂wB−2∗

∂μ
= −

√
B

√
k

μ2 < 0,
∂wB−2∗

∂k
=

√
B

2
√
kμ

> 0,
∂wB−3∗

∂μ
= −kK

μ2 < 0

∂wB−2∗

∂k
= K

μ
> 0 (A.23)

(ii) Under hybrid energy strategy:
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When B > B3 and K > K2,

∂wH−1∗

∂ε
= 1

2
(t + v + rv) > 0 (A.24)

When B < B2 and B < B3,

∂wH−2∗

∂μ
= −

√
B

√
k

μ2 < 0,
∂wH−2∗

∂k
=

√
B

2
√
kμ

> 0 (A.25)

When B > B2 and K < K2,

∂wH−3∗

∂μ
= −kK

μ2 < 0,
∂wH−3∗

∂k
= K

μ
> 0 (A.26)

Proof of Table 4

To investigate how q1 is affected by μ, k and ε, we take the first order derivatives as follows:
(i) Under pure bioenergy strategy:
When B > B1 and K > K1, we have

∂qB−1∗
1

∂μ
= aε(k − ε2μ2)

2(k + ε2μ2)2
,
∂qB−1∗

1

∂ε
= aμ(k − ε2μ2)

2(k + ε2μ2)2

∂qB−1∗
1

∂k
= − aεμ

2(k + ε2μ2)2
< 0

(A.27)

Based on
∂qB−1∗

1
∂μ

=0 and
∂qB−1∗

1
∂ε

= 0, we get μ1=
√
k

ε
and ε1� =

√
k

μ
. Hence, when

0 < μ < μ1,
∂qB−1∗

1
∂μ

> 0; when μ > μ1,
∂qB−1∗

1
∂μ

< 0. When 0 < ε < ε1,
∂qB−1∗

1
∂ε

> 0; when

ε > ε1,
∂qB−1∗

1
∂ε

< 0.
When B < B1 and B < B2,

∂qB−2∗
1

∂k
= −

√
B

2k3/2
< 0 (A.28)

(ii) Under hybrid energy strategy,
When B > B3 and K > K2,

∂qH−1∗
1

∂μ
= (t + v + rv)ε

2k
> 0,

∂qH−1∗
1

∂ε
= (t + v + rv)μ

2k
> 0,

∂qH−1∗
1

∂k
= − (t + v + rv)εμ

2k2
< 0 (A.29)

When B < B2 and B < B3,

∂qH−2∗
1

∂k
= −

√
B

2k3/2
< 0 (A.30)
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Proof of Table 5

To investigate how q2 is affected by μ, k and ε, we take the first order derivatives as follows:
When B > B3 and K > K2,

∂qH−1∗
2

∂θ
=a

2
> 0,

∂qH−1∗
2

∂t
= − k + ε2μ2

2k
< 0,

∂qH−1∗
2

∂μ
= − (t + v + rv)ε2μ

k
< 0

∂qH−1∗
2

∂ε
= − (t + v + rv)εμ2

k
< 0,

∂qH−1∗
2

∂k
= (t + v + rv)ε2μ2

2k2
> 0 (A.31)

When B < B2 and B < B3,

∂qH−2∗
2

∂θ
=a

2
> 0,

∂qH−2∗
2

∂t
= − 1

2
< 0,

∂qH−2∗
2

∂μ
= −

√
Bε√
k

< 0,

∂qH−2∗
2

∂k
=

√
Bεμ

2k3/2
> 0 (A.32)

When B > B2 and K < K2,

∂qH−3∗
2

∂θ
=a

2
> 0,

∂qH−3∗
2

∂t
= − 1

2
< 0,

∂qH−3∗
2

∂μ
= − K ε < 0,

∂qH−3∗
2

∂ε
= − Kμ < 0

(A.33)

Proof of Table 6

To investigate how p is affected by μ, k and ε, we take the first order derivatives as follows:
(i) Under pure bioenergy strategy.
When B > B1 and K > K1,

∂ pB−1∗

∂ε
= − akεμ2

(k + ε2μ2)2
< 0,

∂ pB−1∗

∂μ
= − akε2μ

(k + ε2μ2)2
< 0,

∂ pB−1∗

∂k
= aε2μ2

2(k + ε2μ2)2
> 0

(A.34)

When B < B1 and B < B2,

∂ pB−2∗

∂ε
= −

√
Bμ√
k

< 0,
∂ pB−2∗

∂μ
= −

√
Bε√
k

< 0,
∂ pB−2∗

∂k
=

√
Bεμ

2k3/2
> 0 (A.35)

When B > B2 and K < K1,

∂ pB−3∗

∂ε
= −Kμ < 0,

∂ pB−3∗

∂μ
= −K ε < 0 (A.36)

(ii) Under hybrid energy strategy:

∂ pH∗

∂θ
= a

2
> 0 (A.37)
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Proof of Table 7

To investigate how π f is affected by ε, k andμ., we take the first order derivatives as follows:
(i) Under pure bioenergy strategy.
When B > B1 and K > K1,

∂π B−1∗
f

∂ε
= a2kεμ2(k − ε2μ2)

4(k + ε2μ2)3
,
∂π B−1∗

f

∂μ
= a2kε2μ(k − ε2μ2)

4(k + ε2μ2)3

∂π B−1∗
f

∂k
= a2ε2μ2(−k + ε2μ2)

8(k + ε2μ2)3
(A.38)

From Eqs.
∂π B−1∗

f
∂ε

= 0,
∂π B−1∗

f
∂μ

= 0,
∂π B−1∗

f
∂k = 0, we obtain ε1� =

√
k

μ
, μ1=

√
k

ε
,

k1 = ε2μ2.
(ii) Under hybrid energy strategy.
When B > B3 and K > K2,

∂πH−1∗
f

∂ε
= (t + v + rv)2εμ2

4k
> 0,

∂πH−1∗
f

∂μ
= (t + v + rv)2ε2μ

4k
> 0 (A.39)

Proof of Table 8

To investigate howπm is affected by ε,k,μ andθ , we take the first order derivatives as follows:
(i) Under pure bioenergy strategy:
When B > B1 and K > K1,

∂π B−1∗
m

∂ε
= a2kεμ2

2(k + ε2μ2)2
> 0,

∂π B−1∗
m

∂μ
= a2kε2μ

2(k + ε2μ2)2
> 0

∂π B−1∗
m

∂k
= − 4a2ε2μ2

(4k + 4ε2μ2)
< 0 (A.40)

When B < B1 and B < B2,

∂π B−2∗
m

∂ε
= a

√
B

√
kμ − 2Bεμ2

k
,
∂π B−2∗

m

∂μ
= a

√
B

√
kε − 2Bε2μ

k

∂π B−2∗
m

∂k
= −a

√
B

√
kεμ + 2Bε2μ2

2k2
(A.41)

From Eq. ∂π B−2∗
m
∂ε

= 0, we get ε2 = a
√
k

2
√
Bμ

. Thus when 0 < ε < ε2,
∂π B−2∗

m
∂ε

> 0; when

ε2 < ε < 1, ∂π B−2∗
m
∂ε

< 0. Similarly, from Eq. ∂π B−2∗
m
∂μ

= 0, we get μ2 = a
√
k

2
√
Bε

. Therefore,

when 0 < μ < μ2,
∂π B−2∗

m
∂μ

> 0; when μ2 < μ < μ, ∂π B−2∗
m
∂μ

< 0. From ∂π B−2∗
m
∂k = 0, we get

k2 = 4Bε2μ2

a2
. Hence, when 0 < k < k2,

∂π B−2∗
m
∂k > 0; when k > k2,

∂π B−2∗
m
∂k < 0.

When B > B2 and K < K1,

∂π B−3∗
m

∂ε
= Kμ(a − 2K εμ),

∂π B−3∗
m

∂μ
= K ε(a − 2K εμ),

∂π B−3∗
m

∂k
= −K 2 < 0 (A.42)

From Eq. ∂π B−3∗
m
∂ε

= 0, we get ε3 = a
2Kμ

. From ∂π B−3∗
m
∂μ

= 0,we get μ3 = a
2K ε

.
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(ii) Under hybrid energy strategy:
When B > B3 and K > K2,

∂πH−1∗
m

∂ε
= (t + v + rv)2εμ2

2k
> 0,

∂πH−1∗
m

∂μ
= (t + v + rv)2ε2μ

2k
> 0

∂πH−1∗
m

∂k
= − (t + v + rv)2ε2μ2

4k2
< 0,

∂πH−1∗
m

∂μ
= (t + v + rv)2ε2μ

2k
> 0 (A.43)

When B < B2 and B < B3,

∂πH−2∗
m

∂ε
=

√
B(t + v + rv)μ√

k
> 0,

∂πH−2∗
m

∂μ
=

√
B(t + v + rv)ε√

k
> 0,

∂πH−2∗
m

∂k
= −

√
B(t + v + rv)εμ

2k3/2
< 0,

∂πH−2∗
m

∂θ
= 1

2
a(aθ − t − v − rv) > 0 (A.44)

When B > B2 and K < K2,

∂πH−3∗
m

∂ε
= 1

4
(4Ktμ + 4Kvμ + 4Krvμ) > 0,

∂πH−3∗
m

∂μ
= 1

4
(4Ktε + 4Kvε + 4Krvε) > 0

∂πH−3∗
m

∂k
= −K 2 < 0,

∂πH−3∗
m

∂θ
= 1

4
(2a2θ − 2at − 2av − 2arv) > 0 (A.45)

Proof of Proposition 3

Comparing the optimal purchase price of biomass w and the planting acreage q1, we have:

From B1 − B3 = ε2μ2[a2k2−X2(k+ε2μ2)2]
4k(k+ε2μ2)2

= 0, we get a1= kX+Xε2μ2

k . Therefore, when we
can obtain when a > a1, B1 > B3; when a < a1 B1 < B3. We divide regions of optimal
results under the two strategies into two scenarios.

First, we compare the purchase price of biomass under the two strategies.
When a < a1, we get

wB−1∗ − wH−1∗ = ε
(
ak − X

(
k + ε2μ2

))

2
(
k + ε2μ2

) < 0, wB−1∗ − wH−3∗ = akε

2
(
k + ε2μ2

) − kK
(
2k + 2ε2μ2

)

2μ
(
k + ε2μ2

) < 0,

wB−1∗ − wH−2∗ = −
√
B

√
k

μ
+ akε

2
(
k + ε2μ2

) < 0, wB−2∗ − wH−2∗ = 0, wB−3∗ − wH−3∗ = 0 (A.46)

When a > a1, we obtain

wB−1∗ − wH−1∗ = ε
(
ak − X

(
k + ε2μ2

))

2
(
k + ε2μ2

) > 0, wB−3∗ − wH−1∗ = 2kK − (t + v + rv)εμ

2μ
> 0,

wB−2∗ − wH−1∗ = 2
√
B

√
k − (t + v + rv)εμ

2μ
> 0, wB−2∗ − wH−2∗ = 0, wB−3∗ − wH−3∗ = 0

(A.47)

Second, we compare the planting acreage q1 under the two strategies.
When a < a1, we have

qB−1∗ − qH−1∗ = εμ
(
ak − X

(
k + ε2μ2

))

2k
(
k + ε2μ2

) < 0, qB−1∗ − qH−3∗ = −K + aεμ

2
(
k + ε2μ2

) < 0,
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qB−1∗ − qH−2∗ = −
√
B√
k

+ aεμ

2
(
k + ε2μ2

) < 0, qB−2∗ − qH−2∗ = 0, qB−3∗ − qH−3∗ = 0. (A.48)

When a > a1, we obtain

qB−1∗ − qH−1∗ = εμ
(
ak − X

(
k + ε2μ2

))

2k
(
k + ε2μ2

) > 0, qB−3∗ − qH−1∗ = K − (t + v + rv)εμ

2k
> 0,

qB−2∗ − qH−1∗ = 2
√
Bk − (t + v + rv)εμ

2k
> 0, qB−2∗ − qH−2∗ = 0, qB−3∗ − qH−3∗ = 0.

(A.49)

Proof of Proposition 4.

Comparing the optimal price p under the two energy strategies, we have:
First, we compare the price under the two strategies in scenario a < a1.
In ranges I II and III,

pB−1∗ − pH−1/2/3∗ = a
(
k(2 − θ) + ε2(1 − θ)μ2

) − (t + v + rv)
(
k + ε2μ2

)

2
(
k + ε2μ2

) (A.50)

From pB−1∗ − pH−1/2/3∗ = 0, we obtain a2 = (t+v+rv)
(
k+ε2μ2)

2k(1−θ)+ε2μ2(1−θ)
and a2 − a1 =

X(−1+θ)
(
k+ε2μ2)2

k(k(2−θ)+ε2(1−θ)μ2)
< 0. Therefore, in ranges I II and III, if 0 < a < a2, pB∗ < pH∗;

if a2 < a < a1,pB∗ > pH∗.
In range IV,

pB−2∗ − pH−2∗ = 2a
√
k − √

kX − a
√
kθ − 2

√
Bεμ

2
√
k

(A.51)

From pB−2∗ − pH−2∗ = 0, we obtain B4 = k(X+a(−2+θ))2

4ε2μ2 . And the we
discuss the relationship between B4 and B1. Therefore, we obtain B4 − B1 =
k
(
X2(k+ε2μ2)2+2aX(−2+θ)

(
k+ε2μ2)2+a2

(
k2(−2+θ)2+2kε2(−2+θ)2μ2+ε4

(
3−4θ+θ2

)
μ4)

)

4ε2μ2(k+ε2μ2)
2 . When B4 −

B1 = 0, we have a3 = kX+Xε2μ2

2k−kθ+3ε2μ2−ε2θμ2 , a4 = kX+Xε2μ2

2k−kθ+ε2μ2−ε2θμ2 , and a3 < a4 < a1.

In summary, when 0 < a < a3 and a4 < a < a1,pB∗ > pH∗; when a3 < a < a4, if
0 < B < B4, pB∗ > pH∗; if B4 < B < B1, pB∗ < pH∗.

In range V,

pB−3∗ − pH−3∗ = 1

2
(2a − X − aθ − 2K εμ) (A.52)

From pB−3∗ − pH−3∗ = 0, we obtain K3 = 2a−X−aθ
2εμ and K3 − K1 =

−X
(
k+ε2μ2

)+a
(−k(−2+θ)−ε2(−1+θ)μ2

)

2εμ(k+ε2μ2)
. From K3−K1 = 0,we have a2 = (t+v+rv)

(
k+ε2μ2

)

2k(1−θ)+ε2μ2(1−θ)
<

a1. In summary, when 0 < a < a2, pB∗ > pH∗; when a2 < a < a1, if 0 < K < K3,
pB∗ > pH∗; if K3 < K < K1, pB∗ < pH∗.

Second, we compare the price under the two strategies in scenario a > a1.
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In range I,

pB−1∗ − pH−1∗ = a
(
k(2 − θ) + ε2(1 − θ)μ2

) − (t + v + rv)
(
k + ε2μ2

)

2
(
k + ε2μ2

) (A.53)

From pB−1∗ − pH−1∗ = 0, we obtain a2 = (t+v+rv)
(
k+ε2μ2

)

2k(1−θ)+ε2μ2(1−θ)
< a1. Therefore, when

a > a1, pB∗ > pH∗.
In range II,

pB−3∗ − pH−1∗ = 1

2
(2a − X − aθ − 2K εμ) (A.54)

From pB−3∗− pH−1∗ = 0,we have K = 2a−X−aθ
2εμ . Thenwe should judge the relationship

between K and K1, K2. K − K2 = − kX+ak(−2+θ)+Xε2μ2

2kεμ and K − K1 = −kX−Xε2μ2

2εμ(k+ε2μ2)
+

a
(
2k−kθ+ε2μ2−ε2θμ2)

2εμ(k+ε2μ2)
. From K −K2 = 0 and K −K1 = 0, we obtain a∗ = − X

(
k+ε2μ2)

k(−2+θ)
< a1

and a∗∗ = −kX−Xε2μ2

−2k+kθ−ε2μ2+ε2θμ2 < a1. Therefore, pB∗ > pH∗.
In range III,

pB−2∗ − pH−1∗ = 2a
√
k − √

kX − a
√
kθ − 2

√
Bεμ

2
√
k

(A.55)

From pB−2∗ − pH−1∗ = 0, we obtain B4 = k(X+a(−2+θ))2

4ε2μ2 . Similar with the above

analysis in range III, we obtain pB∗ > pH∗.
In range IV,

pB−2∗ − pH−2∗ = 2a
√
k − √

kX − a
√
kθ − 2

√
Bεμ

2
√
k

(A.56)

In range V,

pB−3∗ − pH−3∗ = 1

2
(2a − X − aθ − 2K εμ) (A.57)

Through the analysis in range IV and V when a < a1, we can obtain pB∗ > pH∗.

Proof of Proposition 5

Comparing the optimal manufacturer’s profit under the two strategies when a < a1, we have:
In range I,

π B−1∗
m − πH−1∗

m (a) = Aa2 + Ba + C (A.58)

where A = [−k2θ2+kε2(1−θ2)μ2]
4k(k+ε2μ2)

, B = (2k2Xθ+2kXε2θμ2)

4k(k+ε2μ2)
,C = − k2X2+2kX2ε2μ2+X2ε4μ4

4k(k+ε2μ2)
.

Eq. (A.58) is quadratic function about a and the axis of symmetry Eq. (A.58) is D =
− B

2A = kXθ+Xε2θμ2

kθ2−ε2μ2+ε2θ2μ2 . Based on Eq.A = 0, we get μ = μ4 =
√
kθ√

ε2−ε2θ2
. Moreover,

substituting Eq a1= kX+Xε2μ2

k into Eq. (A.58), we get

π B−1∗
m − πH−1∗

m (a1) = X2(1 − θ)(k + ε2μ2)[k(−1 + θ) + ε2(1 + θ)μ2]
4k2

(A.59)
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Fig. 8 πB−1∗
m − πH−3∗

m (a)

Besides, by comparing the relationship between a1 and D, we have

a1 − D = X(−1 + θ)(k + ε2μ2)[kθ + ε2(1 + θ)μ2]
k[kθ2 + ε2(−1 + θ2)μ2] < 0 (A.60)

By analyzing Eq. (A.59) and (A.60), we find when 0 < μ < μ4, π B−1∗
m − πH−1∗

m (a1) <

0,a1 − D < 0; when μ > μ4, π B−1∗
m − πH−1∗

m (a1) > 0, a1 − D > 0.
when μ > μ4, from Eq. (A.58) π B−1∗

m − πH−1∗
m (a) = 0, we obtain

a5 = k2Xθ + kXε2θμ2 + √−kX2ε2(−1 + θ2)μ2(k + ε2μ2)2

k[kθ2 + ε2(−1 + θ2)μ2] (A.61)

Therefore, we can depict Eq. (A.58) as follows.
According to the above analysis and Fig. 8, we can conclude that when 0 < μ < μ4,

πB∗
s < πH∗

s ; when μ > μ4, if 0 < a < a5, πB∗
s < πH∗

s ; if a5 < a < a1, πB∗
s > πH∗

s .
In Range II,

π B−1∗
m − πH−3∗

m (K ) = kK 2 − K Xεμ+E (A.62)

where E = −k(X−aθ)2+ε2[−X2+2aXθ−a2(−1+θ2)]μ2

4(k+ε2μ2)
.

The axis of symmetry of Eq. (A.62) is K = K2 = Xεμ
2k . Based on Eq. (A.62), we can get

a rough figure of the function as follows. There exist three possible scenarios.
First, we discuss π B−1∗

m − πH−3∗
m (K2). Substituting Eq K2 = Xεμ

2k into Eq. (A.62), we
get

π B−1∗
m − πH−3∗

m (K2) = g(a) = a2
(

−kθ2 + ε2μ2 − ε2θ2μ2

4
(
k + ε2μ2

)

)

+ aXθ

2
− X2

4
− X2ε2μ2

4k
)

(A.63)

Substituting Eq a1= kX+Xε2μ2

k into Eq. (A.61), we get

g(a1) = X2(1 − θ)
(
k + ε2μ2

)(
k(−1 + θ) + ε2(1 + θ)μ2

)

4k2
(A.64)

Based on Eq. (A.64) we find when 0 < μ < μ5, g(a1) < 0; when μ > μ5, g(a1) > 0,

where 5 =
√
k−kθ√

ε2+ε2θ
. FromEq. g(a) = 0,we obtain a5 =

(
k+ε2μ2)

(√
kXθ−√−X2ε2(−1+θ2)μ2

)

√
k(kθ2+ε2(−1+θ2)μ2)

.
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Fig. 9 π B−1∗
m − πH−3∗

m (K )

Fig. 10 B−1∗
m −H−3∗

m (K2)

Therefore, we get a rough figure of Eq. (A.63) as follows.
Based onFigs. 9 and10,we can confirmwhenμ > μ5 anda > a5,π B−1∗

m −πH−3∗
m (K2) >

0, B
∗

s >H∗
s .

Second,we discussπ B−1∗
m −πH−3∗

m (K1). SubstitutingEq K1 = aεμ

2(k+ε2μ2)
into Eq. (A.62),

we get

π B−1∗
m − πH−3∗

m (K1) = f (a) = 1

4

[
a2F + aG − X2]. (A.65)

where F = −k2θ2+2kε2
(
1−θ2

)
μ2+ε4

(
1−θ2

)
μ4

(k+ε2μ2)
2 , G = 2

(
kXθ−Xε2μ2+Xε2θμ2)

k+ε2μ2 .

From Eqs. F = 0 and G = 0, we obtain 6 =
(
kε2−kε2θ2−√

k2ε4−k2ε4θ2

−ε4+ε4θ2

)0.5

and μ4 =
√
kθ√

ε2−ε2θ2
. Based on Eq. π B−1∗

m − πH−3∗
m (K1) = 0, we get a6 =

−Xθ+ Xε2μ2

k+ε2μ2
−

√
2
√

−X2ε2(−1+θ)μ2√
k+ε2μ2

−θ2+ 2kε2μ2+ε4μ4

(k+ε2μ2)
2

.

Based on Eq. (A.65) and the value of μ, we can summarize the three scenarios about
π B−1∗
m − πH−3∗

m (K1).
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Fig. 11 B−1∗
m −H−3∗

m (K1)

Substituting a1 into Eq. (A.65) we get

f (a1) = X2(1 − θ)
(
k + ε2μ2

)(
k(−1 + θ) + ε2(1 + θ)μ2

)

k2
(A.66)

When 0 < μ < μ5, f (a1) < 0, i.e., π B−1∗
m − πH−3∗

m (K1) < 0. Therefore, when
0 < μ < μ5, π B∗

s π <H∗
s .

Next, we should discuss the scenarioμ > μ5 and 0 < a < a5. Whenμ > μ5, f (a1) > 0.
From π B−1∗

m − πH−3∗
m = 0, we can get

K ∗ =
Xεμ −

√
X2ε2μ2 + k

(
X2 − 2aXθ + a2

(
θ2 − ε2μ2

k+ε2μ2

))

2k
(A.67)

Based on Fig. 11, we can summarize when μ > μ5, if 0 < a < a6, π B∗
s < πH∗

s ; if
a6 < a < a5, we should consider the threshold K , when K1 < K < K ∗, π B∗

s > πH∗
s ; when

K ∗ < K < K2, π B∗
s < πH∗

s .
In addition, the comparative analysis of profits in other regions is similar, hence, omitted.

Threshold values

See Appendix Tables 11, 12, 13 and 14.
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Table 11 Thresholds of a
a1= kX+Xε2μ2

k ; a2 = X(k+ε2μ2)
2k(1−θ)+ε2μ2(1−θ)

a3 = kX+Xε2μ2

2k(1−θ)+ε2μ2(1−θ)
; a4 = kX+Xε2μ2

2k(1−θ)+ε2μ2(1−θ)

a5 =
(
k+ε2μ2

)(√
kXθ−

√
−X2ε2

(−1+θ2
)
μ2

)

√
k
(
kθ2+ε2

(−1+θ2
)
μ2

)

a6 =
−Xθ+ Xε2μ2

k+ε2μ2
−

√
2
√

−X2ε2(−1+θ)μ2√
k+ε2μ2

−θ2+ 2kε2μ2+ε4μ4
(
k+ε2μ2

)2

a7 =
(
k+ε2μ2

)(√
kXθ+

√
−X2ε2

(−1+θ2
)
μ2

)

√
k
(
kθ2+ε2

(−1+θ2
)
μ2

)

a8 = kXθ+Xε2μ2−
√

−X2ε2(−1+θ)μ2
(
2kθ+ε2μ2+ε2θμ2

)

kθ2

a9 = kXθ+Xε2μ2+
√

−X2ε2(−1+θ)μ2
(
2kθ+ε2μ2+ε2θμ2

)

kθ2

a10 = Xθ+2K εμ−2
√

K Xεθμ−K Xεθ2μ+K 2ε2μ2−K 2ε2θ2μ2

θ2

a11 = Xθ+2K εμ+2
√

K Xεθμ−K Xεθ2μ+K 2ε2μ2−K 2ε2θ2μ2

θ2

Table 12 Thresholds of B

B1 = a2kε2μ2

4(k+ε2μ2)2
; B2 = kK 2;B3 = X2ε2μ2

4k ; B4 = k[X+a(−2+θ)]2
4ε2μ2

B5 =

(−k2(X − aθ)2 − kε2
(
2X2 − 2aXθ + a2

(
−2 + θ2

))
μ2

−X2ε4μ4 − 2
√

−a2kε2μ2
(
k2(X − aθ)2 + kε2

(
2X2 − 2aXθ + a2

(−1 + θ2
))

μ2 + X2ε4μ4
)

4
(
k+ε2μ2

)2

B6 =

kX2ε2μ2 + 2akXε2(−2 + θ)μ2 − a2kε2
(
−2 + θ2

)
μ2

−2
√

−ak2(a − X)2ε4(−1 + θ)(a − 2X + aθ)μ4

4ε4μ4

B∗ = 1
4

(

− Xεμ√
k

+
√

−2aXθ + X2
(
k+ε2μ2

)

k + a2
(
θ2 − ε2μ2

k+ε2μ2

)
)2

B∗∗ =
k

(

−aεμ+Xεμ+√
k

√

− aε2(−1+θ)(a−2X+aθ)μ2
k

)2

4ε4μ4
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Table 13 Thresholds of K
K1 = aεμ

2(k+ε2μ2)
; K2 = Xεμ

2k

K ∗ =
Xεμ−

√

X2ε2μ2+k

(
X2−2aXθ+a2

(
θ2− ε2μ2

k+ε2μ2

))

2k

K ∗∗ = aεμ−Xεμ−
√
a2ε2μ2−2aXε2μ2+2aXε2θμ2−a2ε2θ2μ2

2ε2μ2

K4 = aεμ−
√

−k2(X−aθ)2+kε2
(
a2−2X2+2aXθ−a2θ2

)
μ2−X2ε4μ4

k

2
(
k+ε2μ2

)

K5 = −−aεμ+Xεμ+
√
a2ε2μ2−2aXε2μ2+2aXε2θμ2−a2ε2θ2μ2

2ε2μ2

Table 14 Thresholds of μ, ε andk
μ1 = √

k/ε; μ2 = a
√
k/2

√
Bε; μ3 = a/2K ε; μ4 =

√
kθ√

ε2−ε2θ2
;

μ5 =
√
k−kθ√

ε2+ε2θ
;ε26 = kε2−kε2θ2−

√
k2ε4−k2ε4θ2

−ε4+ε4θ2

ε1� = √
k
/

μ; 2 = a
√
k/2

√
B;ε3 = a/2Kμ

k1 = ε2μ2; k2 = 4Bε2μ2/a2
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