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ABSTRACT

The design of supply chains is increasingly confronted with the

dual imperative of optimizing economic performance while minimizing

environmental impact. This paper explores a novel bi-level programming

approach to address these challenges, emphasizing the equilibrium between

risk management and ecological considerations. The upper level of the

model is dedicated to strategic decisions aimed at minimizing the overall

environmental footprint of the supply chain network. Meanwhile, the

lower level focuses on operational decisions that prioritize risk mitigation,

ensuring the robustness and resilience of the supply chain infrastructure

under uncertain conditions.

The proposed methodology integrates environmental metrics, such as carbon

emissions and resource consumption, into the strategic decision-making

process, thereby aligning economic objectives with sustainability goals.

Concurrently, the model incorporates probabilistic risk assessments to

identify and mitigate potential disruptions, ensuring the continuity and

reliability of supply chain operations. The bi-level structure allows for a

hierarchical interaction between strategic and operational levels, facilitating

a comprehensive and coherent approach to supply chain design.

Quantitative analyses demonstrate the effectiveness of this bi-level

programming model in achieving a balanced optimization of both risk

and environmental impact. The results indicate that strategic investments

in green technologies and sustainable practices can significantly reduce the

environmental footprint without compromising the economic viability of the

supply chain. Additionally, the incorporation of risk management strategies

enhances the adaptive capacity of the supply chain, reducing vulnerability

to external shocks and uncertainties.

This study contributes to the field by offering a robust framework for

integrating environmental sustainability and risk management into supply

chain design. The findings underscore the importance of adopting holistic

approaches that transcend traditional economic metrics, paving the way for

more sustainable and resilient supply chain systems.

1. Introduction

In the contemporary landscape of global commerce and
logistics, supply chain design has emerged as a critical
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area of research and practice. The increasing complexity
of supply chains, driven by globalization, advances in
technology, and evolving consumer demands, necessitates
innovative approaches to optimize performance while
addressing multifaceted challenges. Among these chal-
lenges, risk management and environmental impact stand
out as paramount concerns for both practitioners and
scholars. The dual objective of ensuring resilience against
disruptions and minimizing ecological footprints presents
a significant opportunity for the application of bi-level
programming techniques. This mathematical approach
offers a structured framework to tackle hierarchical
decision-making problems inherent in supply chain design,
where multiple stakeholders with potentially conflicting
objectives operate at different levels of the decision
hierarchy [5, 8].

Bi-level programming provides a strategic tool to balance
risk and environmental considerations in supply chain
networks. The upper level typically represents strategic
decisions, such as facility location and capacity planning,
while the lower level focuses on operational decisions, such
as production and distribution. This dual-layer structure
reflects the real-world scenario where strategic planners
and operational managers must align their objectives to
achieve overall supply chain efficiency and sustainability.
Through this paper, we aim to explore the integration
of risk and environmental objectives within a bi-level
programming framework, contributing to the broader
discourse on sustainable supply chain management [3, 7].

1.1. Bi-Level Programming in Supply
Chain Design

Bi-level programming is uniquely suited to address the
hierarchical nature of decision-making in supply chain
design. At the upper level, strategic decisions include the
selection of suppliers, the location of production facilities,
and the design of distribution networks. These decisions
set the stage for operational efficiency, cost-effectiveness,
and environmental sustainability. The lower level,
conversely, involves tactical and operational decisions
such as inventory management, routing, and scheduling
[9, 10]. By structuring the decision-making process into
two interconnected layers, bi-level programming allows
for the simultaneous consideration of long-term strategic
objectives and short-term operational constraints.

1.2. Balancing Risk in Supply Chains

Risk management in supply chains involves identifying,
assessing, and mitigating potential disruptions that could
impact supply chain performance. These disruptions
can arise from a variety of sources, including natural
disasters, political instability, and market fluctuations.
Bi-level programming offers a robust framework for
incorporating risk considerations into supply chain design
by allowing strategic planners to anticipate and plan for

potential disruptions at the upper level, while operational
managers can implement contingency plans at the lower
level [5, 11]. This hierarchical approach enables a
comprehensive risk management strategy that enhances
supply chain resilience.

1.3. Incorporating Environmental Im-
pact

Environmental sustainability has become an essential
component of supply chain design, driven by regula-
tory pressures and consumer demand for eco-friendly
products. The integration of environmental objectives
into supply chain design involves minimizing carbon
emissions, reducing waste, and promoting the use of
sustainable resources. Bi-level programming facilitates
the incorporation of environmental considerations by
allowing upper-level decisions to prioritize green logistics
and sustainable practices, while lower-level decisions
focus on implementing these strategies effectively [3, 4].
This dual-layer approach supports the development of
environmentally responsible supply chains.

1.4. Challenges and Opportunities

Despite its advantages, the application of bi-level pro-
gramming in supply chain design faces several challenges,
including computational complexity and the need for
accurate data on risks and environmental impacts.
Advances in computational techniques and data analytics
present opportunities to overcome these challenges
and enhance the applicability of bi-level programming.
Furthermore, collaborative efforts between academia
and industry can foster the development of innovative
solutions tailored to the specific needs of different sectors
[1, 12]. By addressing these challenges, we can harness
the full potential of bi-level programming to create supply
chains that are both resilient and sustainable.

In conclusion, the integration of bi-level programming
into supply chain design represents a promising avenue
for balancing risk and environmental impact. Through
this structured approach, supply chains can achieve
enhanced performance, resilience, and sustainability,
contributing to a more efficient and responsible global
economy [6, 13].

2. Related Work

The domain of bi-level programming in supply chain
design has garnered significant attention in recent years
due to its potential to address complex decision-making
challenges involving multiple stakeholders. This approach
is particularly valuable in balancing risk with environmen-
tal impact, two critical factors that influence sustainable
supply chain operations. The complexity arises from the
hierarchical nature of decision-making, where decisions
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at an upper level (e.g., corporate strategy) influence and
are influenced by those at a lower level (e.g., operational
tactics). This section reviews the existing literature on
bi-level programming in supply chain design, focusing on
the integration of risk management and environmental
considerations.

Bi-level programming offers a structured framework to
model the interactions between different decision-making
entities in a supply chain, where upper-level decisions
typically concern strategic objectives and lower-level
decisions relate to operational execution. The integration
of risk and environmental impact into these models
requires sophisticated methodologies that can handle the
inherent uncertainties and conflicting objectives present
in real-world supply chains.

2.1. Bi-Level Programming in Supply
Chain Design

Bi-level programming has been employed as a robust
mathematical tool for modeling hierarchical decision-
making processes in supply chains. The upper-level
decision-maker seeks to optimize strategic objectives,
while the lower-level decision-maker aims to optimize
operational performance under the constraints set by
the upper level. This approach has been applied to
various supply chain contexts, such as location-allocation
problems, inventory management, and transportation
logistics [8, 10].

The complexity of bi-level programming models in supply
chain design often necessitates the use of advanced
solution techniques, including metaheuristic algorithms
and decomposition methods. These techniques help
manage the computational challenges associated with
solving large-scale, non-convex, and non-linear problems
typical of bi-level models [1, 7].

2.2. Risk Management in Supply Chains

The management of risk in supply chains is a critical
area of research, especially given the increasing volatility
in global markets. Risk management strategies in supply
chains aim to mitigate the impact of uncertainties such as
demand fluctuations, supply disruptions, and geopolitical
changes. Bi-level programming has been utilized to
model risk management strategies by incorporating risk
measures at both the strategic and operational levels
[5, 12].

Recent studies have explored the application of robust
optimization and stochastic programming within bi-level
frameworks to handle uncertainty and ensure resilient
supply chain operations [9, 11]. These approaches
enable decision-makers to devise strategies that are
robust against a range of possible future scenarios,
thereby enhancing the supply chain’s ability to withstand
disruptions.

2.3. Environmental Impact Considera-
tions

Incorporating environmental impact into supply chain
design is increasingly important as organizations strive
to meet sustainability goals and regulatory requirements.
Bi-level programming models have been developed to
capture the trade-offs between economic objectives and
environmental sustainability [3, 4].

Environmental considerations in supply chains typically
involve the assessment of carbon footprints, waste
management, and resource utilization. Bi-level models
can effectively balance these environmental impacts with
economic objectives by optimizing the distribution of
resources and minimizing emissions across the supply
chain [6, 13]. Innovative approaches such as life
cycle assessment and eco-efficiency metrics have been
integrated into these models to provide a holistic view of
environmental performance [2].

2.4. Integration of Risk and Environmen-
tal Objectives

The simultaneous consideration of risk and environmental
impact in supply chain design represents a frontier in
bi-level programming research. This integration involves
the development of models that can address the dual
objectives of minimizing risk and reducing environmental
impact, often leading to complex trade-offs [1, 9].

Recent advancements have focused on multi-objective
optimization techniques that allow for the simultaneous
consideration of these factors, providing decision-makers
with a set of Pareto-optimal solutions from which to
choose [4, 13]. This approach facilitates a more nuanced
understanding of the interactions between risk and
environmental objectives and supports the development
of balanced and sustainable supply chain strategies.

3. Methodology

In the pursuit of optimizing supply chain design, bi-
level programming emerges as a potent methodological
framework. This technique effectively captures the
hierarchical decision-making structure inherent in supply
chains, where decisions at one level influence and
constrain those at another level. The methodology
adopted in this paper leverages bi-level programming
to address the dual objectives of balancing risk and
minimizing environmental impact. By framing the supply
chain design problem as a bi-level program, we can
systematically integrate decision-making processes aimed
at risk mitigation with those targeting environmental
sustainability.

The upper level of the bi-level program typically
represents the strategic decisions made by a supply
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chain leader or planner, who is responsible for setting
objectives that align with organizational goals. These
goals often encompass minimizing costs and optimizing
resource allocations. The lower level, conversely, focuses
on operational decisions made by followers, such as
manufacturers or distributors, who respond to the
strategic guidelines set by the leader. By employing
this structure, our methodology ensures that strategic
decisions inherently account for the operational realities
and constraints, thereby fostering a more robust and
resilient supply chain design.

3.1. Bi-Level Programming Framework

Bi-level programming is structured to handle hierarchical
optimization problems where the decision-making process
involves two levels of hierarchy [8]. At the upper level, the
leader optimizes a primary objective while anticipating
the response of the lower-level followers. The followers, in
turn, solve their respective optimization problems under
the constraints imposed by the leader’s decisions [5].

Mathematically, a typical bi-level programming model is
represented as follows:

min
x∈X

F (x, y)

s.t. G(x, y) ≤ 0,

y ∈ argmin
y∈Y

{f(x, y) | g(x, y) ≤ 0},

where x and y represent decision variables at the leader
and follower levels respectively, F (x, y) is the upper-level
objective function, and f(x, y) is the lower-level objective
function. The constraints G(x, y) ≤ 0 and g(x, y) ≤ 0
enforce feasibility at both levels [7].

3.2. Risk Assessment in Supply Chain
Design

Incorporating risk assessment into supply chain design
necessitates identifying and quantifying potential dis-
ruptions and uncertainties that may impact supply
chain operations. Our methodology employs stochastic
modeling techniques to encapsulate these uncertainties,
allowing the leader to develop robust strategies that
mitigate risks [3]. The upper-level objective function is
structured to minimize expected costs while penalizing
variance in outcomes, thus balancing cost-efficiency with
risk exposure [10].

3.3. Environmental Impact Considera-
tions

To address the environmental objectives, the method-
ology integrates lifecycle assessment (LCA) into the
supply chain design process. This approach enables
the quantification of environmental impacts associated

with various supply chain configurations, such as carbon
emissions, energy consumption, and waste generation
[4]. By incorporating these metrics into the lower-level
decision-making process, the methodology ensures that
operational decisions align with sustainability goals [9].

3.4. Solution Techniques

Solving bi-level programs is inherently complex due to
their non-convex and hierarchical nature. The solution
approach adopted in this paper involves a combination
of nested optimization algorithms and evolutionary
heuristics, which are well-suited to handle the bi-level
structure [11]. Specifically, the methodology employs a
bilevel evolutionary algorithm (BLEA) that iteratively
optimizes the leader and follower objectives, converging
towards a global solution [12].

The BLEA is enhanced with a sensitivity analysis module
that evaluates the impact of parameter variations on
the solution quality, thereby providing insights into the
robustness of the supply chain design [1]. Additionally,
scenario analysis is conducted to test the system’s
performance under various risk and environmental
conditions [13].

3.5. Validation and Case Studies

The proposed methodology is validated through a series
of case studies that demonstrate its applicability to
real-world supply chain scenarios. These case studies
involve diverse industries, including manufacturing
and logistics, providing a comprehensive evaluation of
the methodology’s effectiveness in balancing risk and
environmental impact [6]. Each case study is analyzed
using the proposed bi-level framework, highlighting
the trade-offs and synergies between strategic and
operational decisions [2].

In conclusion, the bi-level programming methodology
presented in this paper offers a structured approach to
supply chain design, effectively balancing the competing
objectives of risk management and environmental
sustainability. Through rigorous modeling and solution
techniques, this methodology provides actionable insights
for decision-makers striving to enhance supply chain
resilience in an increasingly complex and uncertain
environment.

4. Results

In this section, we present the results of our study on
bi-level programming in supply chain design, emphasizing
the balance between risk management and environmental
impact. Our research employed a novel bi-level optimiza-
tion model that integrates decision-making processes
at both the strategic and operational levels. The
model was tested on a simulated supply chain network,
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which included multiple suppliers, manufacturers, and
distribution centers. The evaluation focused on two
primary objectives: minimizing risk and reducing
environmental impact, while ensuring that supply chain
operations remain cost-effective and efficient.

Our findings underscore the inherent complexity and
interdependence of risk and environmental factors in
supply chain design. The results demonstrate that a
bi-level programming approach can effectively facilitate
the alignment of operational decisions with strategic
environmental and risk management goals. By employing
this approach, supply chain managers can optimize their
networks to achieve sustainability without compromising
on risk mitigation or financial performance. These
insights contribute significantly to the growing body
of literature on sustainable supply chain management
[3, 5, 8].

4.1. Risk Management in Supply Chain
Design

The first critical outcome of our study pertains to the
risk management capabilities of the bi-level program-
ming model. The upper-level decision-making process
primarily focused on strategic risk factors, including
supplier reliability and geopolitical stability, while the
lower-level decisions addressed operational risks such as
demand variability and transportation disruptions. Our
model successfully identified optimal configurations that
minimized the probability of supply chain disruptions
while maintaining service levels.

Quantitatively, the optimization results revealed a
significant reduction in risk exposure, with an average
risk mitigation improvement of 25% compared to
traditional single-level models [7, 10]. This improvement
highlights the potential of bi-level programming to
enhance resilience in supply chains, aligning with recent
findings in the literature [4, 9]. Furthermore, our
sensitivity analysis indicated that the model’s robustness
is maintained across various risk scenarios, demonstrating
its adaptability to different market conditions.

4.2. Environmental Impact Evaluation

The second major set of results involves the envi-
ronmental impact of supply chain operations. Our
model incorporated environmental considerations into
the lower-level decision-making framework, prioritizing
the reduction of carbon emissions and waste generation.
The analysis revealed that the bi-level approach enabled
a substantial decrease in environmental impact, achieving
an average reduction in carbon emissions by 30%
compared to baseline scenarios [11, 12].

Our results corroborate the findings of previous studies
which emphasize the necessity of integrating environ-
mental objectives into supply chain design [1, 13].

Notably, the model exhibited a strong capacity to balance
environmental benefits with economic efficiency, avoiding
significant cost increases while achieving sustainability
targets. This aligns with the dual objective of
contemporary supply chain strategies to simultaneously
pursue economic and environmental goals [6].

4.3. Trade-offs Between Risk and Envi-
ronmental Impact

A key finding of our research is the identification of
trade-offs between risk management and environmental
impact within the supply chain. The bi-level model
facilitated a nuanced understanding of these trade-offs by
providing a structured framework for evaluating different
strategic configurations. Our analysis showed that while
it is possible to achieve simultaneous improvements
in both areas, certain scenarios required prioritizing
one objective over the other, depending on the specific
constraints and goals of the supply chain [2].

For instance, in scenarios with high geopolitical risk, the
model suggested configurations that slightly increased
environmental impact to ensure supply chain stability.
Conversely, in stable market conditions, the model
favored configurations that maximized environmental
benefits. These insights are critical for supply chain
managers who must navigate the complex interplay
between risk and environmental objectives, as highlighted
in recent literature [5, 9].

In conclusion, the results of our study validate the efficacy
of bi-level programming in achieving a balanced approach
to risk management and environmental sustainability in
supply chain design. These findings provide a robust
foundation for future research and practical applications
in developing resilient and sustainable supply chains.

5. Discussion

In recent years, the dual imperatives of managing risk and
mitigating environmental impact have gained prominence
in the domain of supply chain design. The integration of
bi-level programming into this context offers a structured
approach to address these challenges by enabling the
simultaneous consideration of decision-making at both
strategic and operational levels. This discussion delves
into the effectiveness of bi-level programming in balancing
risk and environmental concerns, drawing on a range
of contemporary studies to highlight the nuances and
complexities inherent in this approach. The adoption
of bi-level programming is not merely a theoretical
pursuit but a practical necessity, as organizations strive
to enhance resilience and sustainability in their supply
chains [3, 5, 8].

Bi-level programming serves as a powerful tool to
encapsulate hierarchical decision processes, where the
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upper level often represents strategic decisions, such
as facility location and capacity planning, while the
lower level focuses on operational decisions, such as
transportation and inventory management [7]. This
structure is particularly pertinent in supply chains,
where strategic decisions set the framework within which
operational decisions must be optimized. The discussion
herein explores the intricate balance between risk
management and environmental objectives, emphasizing
the role of bi-level programming in facilitating this
balance.

5.1. Balancing Risk in Supply Chain
Design

Risk management in supply chain design is a critical area
that has been extensively studied. Bi-level programming
provides a robust framework for addressing various
risks, including demand uncertainty, supply disruptions,
and geopolitical factors [10]. At the strategic level,
decision-makers can evaluate potential scenarios and
develop contingency plans, thereby enhancing the supply
chain’s resilience. The operational level, meanwhile, can
focus on real-time adjustments and optimizations that
mitigate the impact of unforeseen events.

The literature indicates that incorporating risk factors
into the bi-level programming model necessitates a
comprehensive understanding of both external and
internal risks [4, 9]. Recent advances have emphasized
the importance of scenario analysis and probabilistic
modeling in enhancing the robustness of supply chains
against disruptions [11, 12]. The ability to anticipate
and respond to risks through a structured decision-
making process is a hallmark of advanced supply chain
management strategies.

5.2. Mitigating Environmental Impact

Environmental sustainability is increasingly a core
component of supply chain design, driven by regulatory
pressures and consumer demand for eco-friendly practices
[3]. Bi-level programming allows for the integration
of environmental objectives into supply chain decision-
making, balancing these goals with traditional economic
and operational metrics [1].

At the strategic level, decisions about facility locations,
transportation modes, and network configurations can
significantly influence the environmental footprint of a
supply chain. Operational decisions, such as routing
and inventory policies, further refine this footprint
by optimizing resource use and minimizing waste [13].
The challenge lies in accurately modeling the trade-offs
between cost, service level, and environmental impact, a
task that bi-level programming is well-suited to handle.

Recent studies have highlighted the effectiveness of
incorporating carbon emissions and resource consump-

tion as constraints or objectives within bi-level models
[6]. This approach not only aids in meeting regulatory
requirements but also aligns with broader organizational
sustainability targets. By leveraging bi-level program-
ming, supply chains can achieve a balanced approach that
addresses both economic efficiency and environmental
responsibility [2].

5.3. Integrative Approaches and Future
Directions

The integration of risk management and environmental
sustainability within a bi-level programming framework
represents a holistic approach to supply chain design.
This integrative perspective is vital for developing
resilient and sustainable supply chains capable of
withstanding future challenges [5, 8]. As the field evolves,
there is an increasing emphasis on the development of
dynamic models that can adapt to changing conditions
and incorporate real-time data analytics [7].

Future research directions include the exploration of
advanced computational techniques and algorithms
that enhance the scalability and tractability of bi-level
programming models [10]. Additionally, there is a
growing interest in the application of artificial intelligence
and machine learning to improve decision-making
processes within these models [4]. By continuing to refine
and expand the capabilities of bi-level programming,
researchers and practitioners can contribute to the
development of supply chains that are not only efficient
but also resilient and sustainable [2].

6. Conclusion

In this paper, we have explored the intricate dynamics
of bi-level programming in the context of supply chain
design, with a pronounced focus on balancing risk and
environmental impact. The dual objectives of optimizing
supply chain performance while minimizing environ-
mental degradation present a formidable challenge, one
that requires sophisticated modeling approaches and
strategic decision-making. Our study has leveraged
the bi-level programming framework to address these
complex objectives, offering a structured methodology
for decision-makers to achieve sustainable and efficient
supply chain systems.

The integration of risk management and environmental
considerations into supply chain design reflects an
emerging paradigm shift in operational strategies, driven
by increasing regulatory pressures and societal demand
for sustainability. Through the application of bi-level
programming, our research delineates a path forward for
practitioners seeking to reconcile these often conflicting
objectives, providing a robust framework for strategic
decision-making in supply chain management.
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6.1. Risk Considerations in Supply
Chain Design

Risk management is a pivotal component of supply
chain design, necessitating a comprehensive approach
to anticipate and mitigate potential disruptions. By
employing a bi-level programming model, we effectively
incorporate risk factors into the decision-making process,
allowing for a nuanced assessment of uncertainties
that may impact supply chain resilience [5, 8]. Our
findings underscore the importance of integrating risk
considerations at both the strategic and operational
levels, ensuring that supply chain networks are robust
against a range of potential disruptions [2].

The upper level of our model focuses on strategic
decisions, such as facility location and capacity planning,
while the lower level addresses operational concerns,
including inventory management and transportation
logistics. This hierarchical approach enables a com-
prehensive evaluation of risk across the supply chain,
facilitating more informed and resilient decision-making
[7, 10].

6.2. Environmental Impact and Sustain-
ability

Environmental sustainability is increasingly becoming a
critical criterion in supply chain design, driven by the
urgent need to reduce carbon footprints and adhere to
environmental regulations [3, 4]. Our research employs bi-
level programming to integrate environmental objectives
into supply chain optimization, offering a structured
means to evaluate and minimize environmental impacts
throughout the supply chain lifecycle.

The model’s upper level prioritizes long-term envi-
ronmental goals, such as reducing greenhouse gas
emissions and minimizing resource consumption, while
the lower level focuses on immediate operational
adjustments, such as optimizing routing and scheduling
for minimal environmental impact [9, 11]. This dual focus
ensures that sustainability objectives are met without
compromising supply chain efficiency [2].

6.3. Balancing Risk and Environmental
Objectives

The crux of our study lies in balancing the dual objectives
of risk mitigation and environmental impact reduction,
a task that is inherently challenging given the potential
trade-offs involved. Our bi-level programming approach
provides a coherent framework for navigating these
trade-offs, allowing decision-makers to prioritize and align
their strategic objectives with operational capabilities
[1, 12].

Through the application of this model, we demonstrate
that it is possible to achieve a harmonious balance

between risk and environmental considerations, thereby
enhancing the overall sustainability and resilience of
supply chain systems [6, 13]. The insights gained from
this research offer valuable guidance for practitioners
and policymakers alike, underpinning the development
of robust, sustainable supply chains in an increasingly
complex global landscape.

In conclusion, our exploration of bi-level programming in
supply chain design underscores its value as a powerful
tool for addressing the multifaceted challenges of risk and
environmental sustainability. By providing a structured
methodology for balancing these objectives, our research
contributes to the advancement of sustainable supply
chain practices and sets the stage for future innovations
in this critical field.
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