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Bilevel optimization, a well-established field for modeling hierarchical decision-making problems, has recently
intersected with sustainability studies and practices, resulting in a series of works focusing on bilevel
optimization problems involving multiple decision makers with diverse economic, environmental, and social
objectives. This survey offers a comprehensive overview of sustainable bilevel optimization applications. First,
we introduce the main concepts related to the nature of bilevel optimization problems and present some
typical mathematical formulations for bilevel pricing problems that cover many of the collected applications.
Then, we review the most relevant works published in sustainable bilevel optimization, giving a classification
based on the application domains and their association with well-known operations research problems, while
briefly discussing the proposed solution methodologies. We survey applications on transportation and logistics,
production planning and manufacturing, water, waste, and agriculture management, supply chains, and disaster
prevention and response. Finally, we outline a list of open questions and opportunities for future research in

this domain.

1. Introduction

Hierarchical decision-making processes, involving interconnected
and selfish players, often arise in the policy-making context (e.g., or-
ganizational entities controlling local or private entities) or due to
the inherent nature of decision processes (e.g., operational decisions
sequencing in production). The prominent game theory concept of
Stackelberg game (see von Stackelberg 1934, 1952), frequently used in
economics to model hierarchical decision-making processes, has been
introduced in mathematical optimization in the 70s (see Bracken and
McGill 1973), when the term bilevel optimization is born.

Bilevel optimization allows to formalize decision processes where
multiple decision makers are organized within a two-level hierarchy.
Leader/follower decision problems permeate policy making in societal
and industrial contexts, where sustainability concerns can shape the
decisions of today for the survival of future generations. However,
balancing economic prosperity with environmental concerns and social
development is not a trivial task. Operations research studies have
recently progressed on problems and solutions for sustainable process
optimization (Barbosa-P6voa et al. 2018, Jaehn 2016), and bilevel op-
timization has been applied to sustainable practices since its first steps
(see, e.g., Candler and Norton 1977). Although the two topics are in-
deed connected, a clear picture on their formal interrelations is missing
in the literature. Therefore, in this survey, we focus on major trends of

bilevel optimization applications to problems related to sustainability,
covering combinations of economic, environmental, and social goals.

Sustainability is a broad and multidimensional concept that has
evolved significantly over time. A big influence on the use of this term
came from the 1983 United Nations Commission’s on Environment and
Development Brundtland Report (World Commission on Environment
and Development, 1987) that defined sustainable development as “de-
velopment that meets the needs of the present without compromising
the ability of future generations to meet their own needs”. The United
Nations’ Sustainable Development Goals (SDGs) provide now a struc-
tured framework for sustainability across economic, environmental,
and social dimensions (United Nations, 2015). The SDGs are 17 interre-
lated goals that address a range of global challenges, including poverty
eradication, climate action, responsible consumption and production,
and sustainable economic growth. These goals build upon the triple
bottom line concept (Elkington, 2002), which defines sustainability
through the three interconnected economic, environmental, and social
dimensions.

Based on this principle, economic development should be pur-
sued by companies and societies in a manner that benefits both the
well-being of people and the health of the planet. Sustainability-
driven decision-making, particularly in policy and industrial settings,
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requires balancing economic interests with ecological and societal
well-being. Bilevel optimization, by explicitly modeling hierarchical
decision-making structures, provides a powerful tool for integrating
these considerations. By incorporating sustainability principles into
optimization models, researchers and decision makers can explore
trade-offs between multiple objectives, addressing several SDGs, and
facilitating solutions that support sustainable development.

Bilevel optimization problems follow a hierarchical structure where
a leader, higher in the hierarchy, makes the first decision, and a
follower responds by solving a nested optimization problem. The fol-
lower’s problem is parameterized by a fixed leader decision, and, in
turn, the lower-level solution affects either the feasible region or the
objective function of the upper-level problem. The follower’s problem
must be solved to optimality to have a feasible solution for the bilevel
problem. The global optimality of the lower-level problem reflects
the rationality of the follower’s behavior, that is, the follower acts in
favor of their objectives. A well-posed bilevel formulation requires a
non-empty lower-level feasible set, and the follower must select one
among multiple optimal solutions once the leader decides (i.e., opti-
mistic or pessimistic approach, discussed in Section 2). The solution
methodologies for bilevel optimization problems strongly depend on
the structure and properties of the lower-level problem. Much of the
research since the 70s has focused on developing effective solution
methods. We refer the reader to Kleinert et al. (2021) and Beck et al.
(2023) for recent surveys on exact approaches. Real-world applications
of bilevel optimization often involve complex lower-level problems and
large-scale instances. Therefore, there has been an increasing interest
in metaheuristic approaches over the past two decades. Camacho-
Vallejo et al. (2024) present the first review of metaheuristic algorithms
for bilevel problems, highlighting dominant methodologies and com-
mon practices. In this work, we provide a structured overview of
current methodologies spanning reformulations, exact methods, and
metaheuristics. Then, we focus specifically on real-world applications
to derive a picture of notable bilevel problems from the sustainability
perspective across different sectors to provide academics and practi-
tioners with a screenshot of the state of the art on the use of bilevel
programming in practice.

The application of bilevel optimization has extended across various
fields such as the military industry, transportation, and energy manage-
ment, as documented by Dempe (2020) and Sinha et al. (2018). Dempe
(2020) provides an exhaustive overview of topics of diverse bilevel
applications, covering economics, energy and electricity, interdiction,
and machine learning areas. Given space limitations and our focus
on sustainability, we (i) exclude energy and electricity, intending to
address them in a separate work due to the vast scope of the field,
and (ii) select fields and top-journal studies specifically developed in
sustainability terms, a focus not previously explored in bilevel opti-
mization surveys. For a complete list of bilevel applications, we refer
readers to Dempe (2020). This study aims to offer a critical review of
applications with sustainability perspective in bilevel optimization.

More in detail, this survey provides a taxonomy of applications with
sustainability perspective (see Fig. 1) and analyzes the hierarchical na-
ture of the bilevel game, identifying the players (leaders and followers)
at each level and the competition or collaboration between them, espe-
cially in the form of an equilibrium. It examines the players (e.g., policy
makers, companies), their decisions, their goals by detecting whether
the leader and follower problems are single- or multi-objective, which
of the three dimensions of sustainability (namely, economic, environ-
mental, and social) are considered in each level, which performance
indicators are used to measure the objectives, and which solution
methods are proposed for solving the bilevel problems.

Specifically, the study classifies sustainable bilevel applications ac-
cording to their sector. We include works where either environmental
or social goals are directly included in the players’ objective functions
(e.g., carbon emissions reduction, maximum equity in resource distri-
bution), or where the implementation of the bilevel application brings
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positive impacts on the environment and society (e.g., green technology
selection, natural disaster response).

We do not cover single-level optimization or other game theory
concepts dealing with sustainability, nor bilevel applications without
sustainable applications. We focus on bilevel optimization applications
within the operations research literature that apply mathematical pro-
gramming or known metaheuristic frameworks, and exclude multi-level
problems, i.e., optimization problems where players are in hierarchical
games of three or more levels.

The reminder of the paper is structured as follows. Section 2 pro-
vides a brief overview on bilevel optimization, players, decisions, goals,
and solution methods. In Sections 3-7, we present the following classes
of bilevel problems with relevant applications with sustainability per-
spectives: transportation and logistics, including a review of common
mathematical formulations for bilevel network pricing problems (Sec-
tion 3); production planning and manufacturing (Section 4); water,
waste, and agriculture management (Section 5); supply chains (Sec-
tion 6); disaster prevention and response (Section 7). Finally, Section 8
identifies the research gaps in the existing literature and provides some
guidance for future research. A full list of acronyms is provided in
Appendix to improve the readability of the paper.

2. Overview of bilevel applications
Bilevel optimization. A general optimistic bilevel optimization problem

modeling a sequential game with two players (called the leader and the
follower) is formulated as

min ~ F(x,y) (@)
xeX,y
st. G(x,y) >0 2)

y € S(x), 3

where S(x) is the set of optimal solutions of the x-parameterized
problem

min  f(x,y) “4)
yeY
s.t. g(x,y) >0. %)

Models (1)—(3) and (4)-(5) define, respectively, the so-called upper-
level (UL) and lower-level (LL) problems. The UL variables x € R"x
represent the decisions of the leader, and the LL variables y € R"»
represent the decisions of the follower. The UL and LL objective func-
tions are given by F,f : R"™ x R"™ — R. The constraint functions
G : R xR" - R" and g : R™ x R" — R! map the sets of constraints
of, respectively, the UL and LL problems. The sets X C R"x and Y C R™
represent the feasible decisions for the leader and the follower. The
leader, positioned higher in the hierarchy, decides first anticipating
the follower’s decision outcome. The follower, lower in the hierarchy,
reacts to the leader’s decision afterwards. In applications studied in this
paper, it is commonly assumed that the leader is optimistic, meaning
that he/she controls the variables of the follower in such a way that,
in case of multiple LL optimal solutions, the follower makes the best
solution for the leader. This is the most studied version of bilevel prob-
lems in our context of applications. On the contrary, in the pessimistic
version the leader assumes that the follower chooses the worst solution
for the leader. While there are ongoing studies on the properties and
solution methods for pessimistic problems (see, e.g., Liu et al. 2018,
2020), their applications fall primarily in risk-averse domains such as
interdiction, principal-agent problems, and venture investment, which
remain out of the scope of this work.

The class of single-leader-single-follower (SLSF) bilevel problems is
well established (but still challenging) and represents several realistic
situations involving one leader and one follower. In the so-called
multi-leader—follower bilevel problems, multiple players are involved
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Fig. 1. Sustainable bilevel problems in various sectors.

in the UL or LL problems. The classification includes single-leader—
multi-follower (SLMF), multi-leader—single-follower (MLSF), and multi-
leader-multi-follower (MLMF) problems (see Fig. 2). In the interme-
diate setting of an SLMF game, there is a single leader but multiple
followers, where either the followers are independent or they play a
Nash game among themselves, given the leader’s decision. Let y; be the
vector of decision variables of the jth follower with j = 1,...,n,, where
n is the number of followers, and x the leader’s vector of variables. A
general SLMF game in the optimistic version is then

min F(x,y) (6)
x€X, Y1, y,,f

st. G(x,y) >0 @)

Y =0ty solves GNEP(x), ®

where y is the vector of all decisions of all followers and GNEP(x) is
the set of generalized Nash equilibra of the non-cooperative game among
the n, followers, where the objective function and the feasible set of
every follower explicitly depend on the decisions of the other followers.
Indicating by y_; the decision variables of all followers except for those
of the jth follower, the LL problem of the jth follower can be generally
formulated as:

H;i_n fj(yjsxmyfj) (C)]

st y; €Yi(xp_ ), (10)

where f;(y;,x,y_;) and Y;(x,y_;) are the objective function and the
feasible set of the jth follower, the latter being defined by private
constraints of the jth follower and shared constraints of all followers.
GNEPs arise quite naturally from standard Nash equilibrium problems
if the players share some common resource (e.g., a transportation link)
or limitations (e.g., a common limit on the total pollution in a certain
area). The MLSF and MLMF games have more complex structures and
are rarer in bilevel applications. We refer the reader to Aussel and
Svensson (2020) for general problem formulations and applications of
MLSF and MLMF games. In some applications, there are 1, independent
followers, in which case the decision vector y in model (1)-(3) is given
as y 1= (v))j=t,..n,- TO anticipate the decisions of the followers, there
are n, LL problems to be solved, i.e., the set S(x) in (3) is the set of
optimal solutions of n, x-parameterized problems:

i i(x,y;), st gi(x,y;) =0,
yrlrlelgj Si(xy;) g;(x,y;)
one for each j € {l,...,n,}, with objective function f;(x,y;) and

constraints set g;(x, y;) mapping private constraints of the jth follower
only.

Players and decisions. Fig. 2 provides a schematic overview of bilevel
games and the players involved. In SLSF applications, the leader typi-
cally represents a central authority or a policy maker and the follower
can be a local authority (e.g., the national authority sets an investment
plan and the local authority designs the network layout), a company
(e.g., the government sets taxes and subsidies and the company makes
production and routing plans), or an average service consumer (e.g., the
decision maker optimizes the network design and the user makes
routing decisions). In other cases, the leader and the follower can
be two similar entities hierarchically related and having conflicting
goals, such as two members of the same supply chain (SC) or two SCs
competing in the same market (“SC1” and “SC2”). In these cases, for
instance, the former optimizes customer selection and routing decisions
and the latter makes production planning decisions. Many real-world
bilevel problems are modeled as SLMF games between one leader,
a policy maker, and multiple followers, companies, local authorities,
or end users. The policy maker sets prices, subsidies, budgets, taxes,
allowances, or applies other policy tools to regulate some activities,
typically concerning the regulation of market competition, carbon emis-
sions, and social welfare. In consideration of such policies, companies
make their production and distribution plans or local authorities design
their tactics and operational policies or citizens, generally called end
users, adopt their consumption behaviors and travel habits. The MLSF
and MLMF settings rarely appear in applications and in this survey we
have selected very few of them. Other bilevel applications of this kind
are seen in the energy sector (see, e.g., Grimm et al. 2022).

Goals. We analyze the three dimensions of sustainability (namely, eco-
nomic, environmental, and social) within the UL and LL problems of the
selected bilevel applications to identify common roles and behaviors
of the game players. Fig. 3 provides a schematic overview. The LL
problems typically have one economic goal, such as costs minimization,
profit maximization, or some utility function maximization for the
followers. Sometimes the LL problem is multi-objective with two utility
goals such as cost and travel time minimization in network optimization
problems. Rarely, when the follower is a local authority relating to a
central authority in the UL for the design of SCs or industrial parks, an
environmental goal is included in the LL problem, such as pollution
cost within the total cost minimization or the solely environmental
cost minimization. In specific applications with a similar setting con-
cerning, for instance, the hazardous material transportation, a social
goal is included in the LL when the follower is again a local area
authority relating to a central authority in the UL for the design of the
transportation network. The follower aims to minimize the total risk
of hazmat transportation on the population of the area (e.g., increased
accident probabilities), while the central authority maximizes the risk
equity across areas. On the contrary, the UL problems show a variety
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Fig. 2. Taxonomy of bilevel games and players.
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Fig. 3. Taxonomy of economic, environmental, and social objective functions in bilevel applications.

of single- and multi-objective functions including the three dimensions
of sustainability. Very often, the leader is a policy maker whose aim
is to improve the economic, environmental, and social conditions of
the system (e.g., a country or a region, an industrial sector, a public
service). The single-level objective functions are economic (total costs
minimization, total utility maximization), environmental (minimization
of CO, emissions, global warming potential (GWP), energy consump-
tion, and maximization of renewable energy percentage), or social
(maximization of net social benefit, risk distribution equity, social wel-
fare, consumer or employee satisfaction). Economic and environmental
or environmental and social goals are often combined in bi-objective
UL problems. For instance, impact on land and human health are
minimized in agriculture bilevel applications. In general, pollution min-
imization is combined with costs minimization or profit maximization
in public network design, SC management, and carbon policy setting.
In some cases, the three dimensions are all included in multi-objective
UL problems.

Solution approaches. Bilevel optimization problems are notoriously
hard to solve. For instance, Hansen et al. (1992) showed that bilevel
problems where UL and LL are linear programming (LP) problems
(i.e., bilevel LPs) are strongly N P-hard. For bilevel MILPs, even check-
ing the feasibility of a given point is N'P-hard (Kleinert et al., 2021).
Solution methods for bilevel problems strongly depend on the structure

and properties of the LL problem (e.g., continuous linear or convex,
mixed-integer linear, non convex) and on the coupling between the UL
and LL problems (e.g., optimistic or pessimistic version).

Single-level reformulations. Assuming convexity and a suitable con-
straint qualification of the LL problem for all possible UL decisions, an
SLSF problem is usually reformulated into a single-level problem, that
is, a single-level reformulation (SLR) by imposing Karush-Kuhn-Tucker
(KKT) conditions, strong duality conditions for the follower’s solu-
tion y, or variational inequalities. In the first case, we will refer to
the KKT reformulation (KKTR). Solving the SLR to global optimal-
ity guarantees finding an optimistic globally optimal bilevel solution.
Another standard reformulation is the lower-level value function re-
formulation (LLVFR), which relies on the LL optimal value function
definition (Outrata, 1990). For instance, Fischer et al. (2022) recently
proposed a Newton method for finding stationary points of optimistic
bilevel problems based on the LLVFR with successful results on well-
known instances. Notably, the LLVFR does not require the convexity
and constraint qualification assumptions for equivalence between the
SLR and the bilevel problem optimality. In general, the value function
is not differentiable resulting in a non-smooth optimization problem.
The LLVFR guarantees both local and global equivalence to the bilevel
problem (Zemkoho & Zhou, 2021), whereas KKTR only ensures global
equivalence. Indeed, locally optimal solutions of the KKTR are not
necessarily locally optimal for the original bilevel problem due to the
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introduction of implicit variables in the reformulation (Dempe & Dutta,
2012). To the best of our knowledge, no definitive preference has been
established between KKTR and LLVFR, and both approaches have been
applied in the literature. Other duality-based reformulations have been
analyzed in Dempe and Mehlitz (2025). There are various techniques
for solving such obtained non-convex nonlinear models (i.e., SLRs) to
optimality.

Exact methods. Exact solution approaches applied to LP, MILP, and
mixed-integer nonlinear programming (MINLP) bilevel problems in-
clude Branch-and-Bound (B&B), Branch-and-Cut (B&C), Column Gen-
eration (CG), Cutting Plane (CP), or Benders’ Decomposition (BD)
algorithms. Typically, a suitable SLR is derived, to which bilevel-
specific B&B or B&C techniques are applied. Some duality-based SLRs
can also be solved directly using general-purpose solvers. The penalty
function method and approximation heuristics are typically applied
to the KKTR. Enumeration algorithms, including the well-known kth
best algorithm, are sometimes applied to bilevel linear programs. For
bilevel MILPs, the common approach is to first solve the high-point
relaxation and then iteratively discard bilevel infeasible solutions using
adapted branching and cutting techniques, see Fischetti et al. (2018),
Tahernejad et al. (2020). Benders’ decomposition can be adapted for
bilevel MILPs, assuming high-point relaxation compactness (Bolusani
& Ralphs, 2022). For non-convex bilevel MILPs, a few decomposition
and branching approaches have been proposed, see, e.g., Gaar et al.
(2024) and further references therein.

We refer to the surveys by Kleinert et al. (2021) for a complete
overview of exact approaches for bilevel optimization. For bilevel
optimization under uncertainty, we refer the reader to Beck et al.
(2023). In this context, both the stochastic optimization (SO) and robust
optimization (RO) approaches can be used to model uncertainty at each
of the two decision levels.

Metaheuristics. In most applications dealing with real-world bilevel
problems, LL problems are non-convex or give intractable SLRs. There-
fore, metaheuristics like genetic and evolutionary algorithms (GA; EA),
(multi-objective) particle swarm optimization (PSO; MOPSO), and the
non-dominated sorting genetic algorithm (NSGA-II) are often used and
are especially effective in the case of multi-objective UL or LL prob-
lems. Hybrid algorithms are also implemented by combining heuristics
and LP/MILP models. Common metaheuristic frameworks are: (i) for
each UL decision, the LL problem is solved either exactly or heuristi-
cally (i.e., “nested approach”); (ii) an SLR is derived and then solved
by a metaheuristic algorithm (most commonly genetic ones). Less
common are the co-evolutionary (or interactive) framework, where
information is exchanged iteratively between the UL and LL levels,
and the transformation of the bilevel problem into a bi-objective one.
In general, metaheuristic methods focus on obtaining high-quality LL
solutions rather than solving the LL problem to optimality. For multi-
objective bilevel problems, the vector optimization problem is often
replaced with a scalar-valued optimization problem (scalarization or
“weighted sum” method). Some results on (weak) efficiency of so-
lutions are provided in Camacho-Vallejo et al. (2024), while genetic
and evolutionary methods remain dominant in applications. Their sur-
vey also provides an in-depth overview of metaheuristic methods for
bilevel optimization. While these methods enhance scalability and
computational feasibility, they may lead to solutions that violate fol-
lower’s rationality condition. Great research efforts are addressed to
explore equivalent single-level reformulation and exact methods. How-
ever, such approaches face substantial challenges for problems with
both simple and complex structures. Balancing the strengths of meta-
heuristics with the rigor of exact methods remains an important open
challenge in the field.

3. Transportation and logistics

Network design is a major class of combinatorial optimization prob-
lems conceptually represented as the selection of a subset of links in a
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graph, with numerous application developments in transportation and
logistics (see Cordeau et al. 2021). A substantial body of bilevel opti-
mization research has focused on problems with a network structure
(see, e.g., Brotcorne, Marcotte, and Savard 2008, Labbé and Marcotte
2021), with most applications, as highlighted in this work, following
this framework. In this section, we present three typical mathematical
formulations for bilevel network pricing problems focusing on the
optimistic setting. These formulations cover the majority of applica-
tions discussed here, including transportation, facility location, and
logistics. They are also widely used in hazardous material toll-setting
problems (see Section 7.2). We then explore relevant applications in
the field, highlighting how each study adapts the general models to
specific contexts. In this work, we do not survey non-sustainable appli-
cations of bilevel network design. The works we selected address bilevel
network pricing and design applications in sustainable transportation
and logistics. These works align with SDG 9 (Industry, Innovation,
and Infrastructure) by promoting resilient infrastructures, sustainable
manufacturing, and CO, emissions reduction, and SDG 11 (Sustainable
Cities and Communities) by addressing urban disaster risk, enhancing
public transport, reducing air pollution, and optimizing road networks.
We include studies related to “green” extensions of problems commonly
encountered in this domain, like the Facility Location Problem (FLP)
and the Vehicle Routing Problem (VRP). Governmental policies for re-
ducing the environmental impact of, for instance, industrial production
and supply chains, and improving social welfare are modeled as pricing
problems. Network pricing decisions are crucial for airline, freight, and
urban transportation, as well as telecommunication and service indus-
tries, especially in modern markets where intense price competition
from economic deregulation on one hand, and environmental and social
concerns from sustainable development regulations and practices on
the other hand, coexist with network modifications.

3.1. Typical network pricing formulations

Our goal is to analyze the emerging bilevel problems with real-
world applications that relate to sustainability practices and present
general mathematical formulations for the basic problems. The given
formulations can serve as a reference for researchers dealing with
specific problems in the class and can be used as a starting point for
further generalizations.

3.1.1. Price setting problems

The first model is a basic linear price setting problem with one
leader and one or multiple independent followers. Let T € R™ be the
price vector, representing tax, tariff, or subsidy (if negative) decisions
of the leader and T be a polyhedron representing the set of feasible
tax decisions for the leader. Let y € R" and z € R™ be the decision
variables of the follower on taxed and untaxed activities, respectively.
In addition, let ¢, € R" and ¢, € R™ be the LL objective function
coefficients associated to activities y and z, respectively. The price
setting SLSF problem is formulated as

Tnéz%{(y Ty 11
s.t. (y,2) € arg rg}nzn (c; +T)y+cyz (12a)
s.t. g(y,2)<0 (12b)

veY,zeZ (12¢)

where the bilinear objective function of the leader, given by (11),
maximizes tax revenues obtained from taxable activities of the follower,
priced according to the tax values of 7. The LL problem (12a)-(12c)
typically models a cost-minimization problem (such as shortest path,
or routing of multiple commodities). Constraints (12b)-(12c) model
the feasible space of the follower (observe that the feasible LL set is
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not affected by the decisions of the leader). The interaction between
the leader and the follower is restricted to the cost coefficients in
the objective function of the LL (12a). If the tax 7 is set too high,
the follower will prefer to avoid taxed activities, which in return will
diminish the overall revenue of the leader (see Labbé and Violin 2016
for more details). Constraints (12c) are typically given as polyhedra
with possible integer restrictions on some of the decision variables.
For bilevel problems of this type (the follower’s constraint set does not
depend on the leader’s decision and all functions are linear) Dempe
and Franke (2014) propose an effective solution method based on
the LLVFR (optimal value function reformulation). The model can be
easily generalized to multiple independent followers (cf. Section 2).
Moreover, the linear dependence between the LL activities and the
prices set by the leader can also be generalized so that the objective
function of the follower is given as

min C(y,T) + C,(2)

where C; and C, are nonlinear cost functions, the former representing
the cost for the follower’s taxed activities and the latter the cost of the
non-taxed activities.

3.1.2. Joint pricing and network design

In the joint network design and pricing problem (see, e.g., Brot-
corne, Labbé, et al. 2008), the leader seeks to design an infrastructure
(typically modeled as a network) and to decide on the prices for the
follower’s activities if this infrastructure is used. The leader decides
on the tariff as in pricing model (11)-(12c) (vector T of variables),
and on the design of the network. The latter decision is represented
by the binary variables vector x € X, where set X contains budget
constraints and other restrictions on the feasible infrastructure. If the
follower uses the infrastructure (modeled using y variables at the LL),
the activity will be taxed accordingly. The follower can also opt-out
for non-taxed activities (modeled by z variables as above). The joint
pricing and network design SLSF problem is then

max Ty 13)
TEeT, xeX.,y
s.t. (y,z)eargmin  C;(»,T)+ Cy(2) (14a)
.z
sit. g(»,2)<0 (14b)
g1(x,y») <0 (140)
yeY,ze Z. (14d)

The LL problem (14a)-(14d) is parameterized by the UL tariff variables
T and the UL variables x, which determine the subnetwork on which
the LL problem is solved. As above, (14a) models the cost function
of the follower and constraints (14b) guarantee the feasibility of the
follower’s problem by performing taxed or non-taxed activities. The
major difference in the LL problem with respect to the pure price
setting model is in constraints (14c): they ensure that the follower can
use the infrastructure only if it is installed by the leader. Typically,
these constraints on network arcs are given as y, < U, - x,, where a
represents an arc in the network, and U, is the maximum arc capacity.
These constraints are linking network design decisions of the leader
and the (routing) decisions of the follower (i.e., the follower can use
the network only after the leader has undertaken design decisions).
Also this problem can be easily generalized to the setting with multiple
independent followers.

3.1.3. Pricing with equilibrium constraints

Bilevel pricing problems with a single leader and multiple followers
sometimes contain the so-called network equilibrium problem in the
LL. We illustrate this type of problem as an example of a transportation
problem in which the LL problem is modeled as a Wardrop equilibrium.
Departing from the price setting model given by (11)—(12c), the leader
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still has to decide on the prices of the arcs in the network (decisions T €
T, as above). However, followers are no longer independent players but
interact with each other so that they are in a simultaneous equilibrium
(i.e., no player can unilaterally improve their objective by changing
their decision, see Wardrop 1952). Each follower represents a set of
drivers sharing the same origin and destination. Typical applications
arise in traffic management of congested urban areas where a Wardrop
equilibrium aims at finding the minimum travel time (or cost) of all
followers. This is because each driver decides to use the least duration
path and therefore, at equilibrium, all routes with the same origin
and destination have the same traveling time. The deterministic user
equilibrium assumes that the followers have complete and accurate
information about the available paths and the network flows are stable
over time. In the presence of incomplete information, we deal with
stochastic models (see Patriksson 2015).

Following the notation of a general equilibrium model from
Morandi (2024) and bilevel network design models from Labbé and
Marcotte (2021), we now define the LL Wardrop equilibrium problem
which is parameterized in the pricing UL variables T. Let the graph
G = (V, A) represent the network, where A is the set of arcs, and let C
be the set of commodities, each representing a given origin—destination
(OD) pair with demand d, > 0 (multiple drivers may share the same
OD pair). For each commodity ¢ € C, let P, be the set of all paths
connecting their origin with their destination, and p € P, be the index
of a path connecting the origin and destination nodes of commodity
c. In the LL model stated below, variables y, represent the aggregated
flow on each arc a € A of the network, while z, represent the flow of
the OD pair ¢ on path p € P.. The average travel time on the network is
modeled by a link performance function f,(y,,T) (separable function),
which depends on the flow on each arc and the leader’s decision on
arc prices. The travel time function also includes the so-called practical
capacity parameters, introduced to measure flow congestion on each
arc. As in previous models, vector T indicates UL variables for pricing
decisions.

The LL results in a user equilibrium model (parameterized in T),
also called traffic assignment problem (see, e.g., Dempe and Zemkoho
2012), formulated as

Ya
min Z / fal@, T)dw (15a)
.z 0
a€A
s.t Vo = z, Vae A (15b)
ceC peP,:
aep
.= z, VeeC (15¢)
PEP,
2,20 VeeC,peP,. (15d)

The model considers each OD pair as a commodity ¢ € C. At equilib-
rium, all used routes from an origin to a destination are characterized
by the same average travel time. This equilibrium corresponds to a
Nash equilibrium in a game with a large amount of players (i.e., fol-
lowers). Traffic tends to settle down toward equilibrium where no
travelers may want to change route. The KKT conditions of model (15)
correspond to Wardrop equilibrium conditions. The objective function
(15a) of the equilibrium model integrates the travel time function for
each follower over each arc flow (i.e., the higher the congestion, the
longer the travel time). It is the sum over all arcs of the integral
between 0 and the arc flow y, of the latency function f,. The function
f, is assumed to be continuous, positive, and increasing with flow y, to
guarantee solution existence and the avoidance of cycles, and depends
on the pricing decision 7T of the leader. Constraints (15b) determine the
arc flows y, as the sum of the flows of all paths passing through the
arc a € A. Constraints (15¢) guarantee demand d, satisfaction for each
commodity ¢ € C. Constraints (15d) state the domain of the LL vari-
ables. Common solution approaches to bilevel problems where the LL
is modeled as a traffic assignment problem include sensitivity analysis,
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Table 1

Summary of papers on bilevel applications focused on green bilevel location and transportation.
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Application References Bilevel game Players Objectives Method
Class Eq. UL LL UL LL
Ben-Ayed et al. (1992) SLSF Government Average road user Min total cost Max utility HEUR
Highways Sinha et al. (2015) SLSF/ SLMF Government Average road user/Users Max revenue; Min pollution Min total cost; Min total MOEA
network design travel time
and pricing Wang et al. (2014) SLMF v Tolls DM Road users Min travel time; Min emissions; Min travel cost; Min NSGA-II
Min impact on health travel time
Wen and Eglese (2016) SLMF v Tolls DM Road users Min emissions; Min travel time Min total cost SA
Zhao et al. (2016) SLMF v Tolls DM Road users Min emissions Min total travel time EA+AON
Sohn (2011) SLMF v Network designer Motorists and cyclists(or Min motorists time and min Min travel time NSGA-II
Bike lanes government) cyclists time(or max motorist
network design speed)
8 Bagloee et al. (2016) SLMF v Network designer Motorists and cyclists Min total travel time Min travel time B&B
Gaspar et al. (2015) SLMF v Network designer Motorists, cyclists, and Max number of cyclists Min travel time HEUR
bus users
Liu et al. (2022) SLMF v Network designer Cyclists Max total utility Max utility KKTR
Rashidi et al. (2016) SLMF v City planner Motorists, public transit Min total travel cost (incl. safety) Min travel cost (incl. HEUR
passengers, pedestrians safety)
- Chen et al. (2020) SLMF v EV service provider EV drivers Min construction cost and min Min time KKTR+IA
Green facility i i
location total drivers time
Zhou et al. (2023) SLMF v Network designer Users Max transfer flow; Max transit Min travel time HEUR
priority
Gang et al. (2015) SLMF Government Enterprises Min pollution; Min total cost Min total cost PSO
Air passenger Qiu et al. (2020b) SLMF Government Airlines Max net social benefit Max profit GA
transportation
Table 2
Summary of papers on bilevel applications focused on sustainable routing.
Application References Bilevel game Players Objectives Method
Class Eq. UL LL UL LL
Pollution Nath et al. (2018) SLMF Depot Vehicles Min fuel consumption; Min Min travel distance NSGA-II+GA
Routing total travel distance
Problem
Qiu et al. (2020a) SLSF Authority Company Min COy emissions Min total (fuel, emissions, HEUR
operating) costs
School bus Parvasi et al. (2017) SLMF Public transportation company Students Max profit Min cost Hybrid Alg
routing
Calvete et al. (2023b) SLMF School Students Min total cost Max preference Dual. SLR; HEUR

KKTR, and LLVFR (Dempe & Zemkoho, 2012). A more general approach
for modeling Wardrop equilibrium using mathematical programming
with equilibrium constraints can be found in Brotcorne, Marcotte, and
Savard (2008).

3.2. Green location and transportation

In transportation bilevel problems, it is common that the govern-
ment or network operator acts as the leader making decisions related
to network design and price setting, while the users of the network act
as the followers, making individual route choices. Given the growing
importance of sustainability in transportation, recent bilevel problems
in this field deal with sustainability, either directly (by explicitly min-
imizing carbon emissions and promoting green mobility) or indirectly
(through policies that encourage the adoption of sustainable transport
modes). Sustainable transportation, in our context, refers to alternative
transport modes that aim to reduce carbon emissions, such as bicycles,
electric vehicles, and efficient public transport systems. The selected
papers focus on bilevel problems that support sustainable transporta-
tion by addressing infrastructure investments, pricing mechanisms, and
regulatory constraints that promote transportation at low emissions or
with positive social impact. Table 1 provides a classification of the
referenced works based on their application, the type of bilevel game
and whether the LL problem is modeled as an equilibrium problem
(“Eq”.), players and objectives in the UL and LL problems, and the
proposed solution method.

Highway network design and pricing. Ben-Ayed et al. (1992) and Sinha
et al. (2015) introduce transportation bilevel problems focused on
highway pricing and network design. These problems fall under the
SLSF class, where the government acts as the leader and the average
user serves as the follower. Ben-Ayed et al. (1992) present early bilevel
applications in pure network design, addressing rural highway systems
in developing countries. The government aims to increase the capacity
of the existing highway network, while the follower solves a flow
optimization problem. This early application aligns with sustainable

development and the SDGs by promoting equitable access to transporta-
tion in rural areas, improving infrastructure resilience, and minimizing
environmental impact. The authors develop an iterative heuristic algo-
rithm and solve a realistic instance from a case study in Tunisia. Sinha
et al. (2015) extend the pricing model (11)-(12c) from Section 3.1.1
for the highway pricing problem with multi-objective UL and LL. In
particular, the leader aims to maximize revenues (F,, defined in (11))
while minimizing pollution costs (F,(y,z) = a;y + b;z). At the LL,
the follower aims to minimize total travel costs (f}, defined in (12a))
and total travel time (f,(y,z) = a,y + b,z). A Pareto-optimal front of
decisions balancing revenues and pollution is given for the UL problem,
and an LL Pareto-optimal front balancing travel cost and time is given
for any UL optimal decision. The authors propose a multi-objective
evolutionary algorithm (MOEA) and solve an illustrative example. They
also extend the problem to the SLMF version.

In the presence of multiple followers (SLMF), sustainable tolls set-
ting problems are often modeled as bilevel pricing problems with
equilibrium (see model (15a)-(15d) of Section 3.1.3). These models
are frequently extended to incorporate multiple objectives in the UL,
focusing not (only) on the leader’s profit maximization, but on var-
ious performance measures of economic, environmental, and health
sustainability in transportation. In the UL, the leader is responsible
for setting tolls. The followers are the travelers of the system and the
LL models an equilibrium with minimum travel time/cost for every
traveler. Wang et al. (2014) study the bilevel tolls setting problem
with three minimization objectives in the UL (namely, total system
travel time, CO, emissions produced by fuel consumption, and human
pollutant uptake), and a bi-objective equilibrium in the LL. The bi-
objective equilibrium model is obtained by expressing the objective
function f,(y,,T) in Eq. (15a) as the sum of two separable functions
T,(y,) and M, (T), respectively, for the total travel time and total
toll cost, and exploiting results from bi-objective Wardrop equilibrium
theory (see Wang and Ehrgott 2013). The authors propose a meta-
heuristic algorithm where the multi-objective UL problem is addressed
by NSGA-II and the LL problem by a quasi-Newton method, and solve
an illustrative example, showing the conflicting nature of the three
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considered UL objectives. In Wen and Eglese (2016), an illustrative
example solved by simulating different toll pricing strategies and users’
behavior reveals the impact of various constant and variable pricing
strategies on travel time and CO, emissions. The LL problem solves a
dynamic user equilibrium, the simplest dynamic extension of Wardrop’s
equilibrium, based on which all routes used by travelers departing
at the same time with same origin and destination must have equal
and minimal travel time (Szeto & Wong, 2012). The authors rely
on queuing theory for modeling the LL equilibrium. In the problem
proposed by Zhao et al. (2016), the leader aims at setting an optimal
GHG emissions charge scheme for travelers (emission tolls), who decide
on their travel mode (e.g., cars, motorcycles, bus). The solution method
integrates an EA for the UL and the “all-or-nothing” (AON) algorithm
(all the demand of each OD pair is assigned to the shortest path for that
pair) for the LL traffic assignment. In the multimodal adaptation of LL
equilibrium formulation (15a)-(15d), there is an additional objective
function term to consider the different travel cost for each travel
mode times the related probability of choosing that mode. The authors
provide managerial insights from their numerical example, highlighting
the trade-off between emission reduction goals and system efficiency,
where travel time costs increase more rapidly with each additional
percentage reduction in emissions.

Bike lanes design. Bike lanes are an alternative transport mode that
indirectly reduce carbon emissions from vehicles. In bilevel bike lanes
networks optimization problems there are multiple followers, the net-
work users, interacting with the leader, the network designer, and with
each other in a network equilibrium problem.

For problems in which the equilibrium in the LL involves cyclists
and motorists (i.e., multimodal user equilibrium traffic flow model),
we mention Sohn (2011) and Bagloee et al. (2016). Sohn (2011) deals
with road diet network design problems (i.e., how to dedicate road
portions exclusively to cyclists without affecting motorists). He presents
two multi-objective bilevel models, in which motorists can and cannot
change their travel mode. Cyclists travel times in the LL are assumed
to be fixed once the road diet is decided in the UL. When travel modes
are fixed, the motorists equilibrium in the LL is formulated as in model
(15a)—(15d) optimizing automobile flow considering all arcs affected
by the leader decision (road diet). When travel modes are variable, the
motorists equilibrium in the LL is adapted to include the mode choice. A
second term in the objective function (15a) integrates the bicycle flows,
ensuring that demand allocation (motorists/cyclists) respects the binary
choice logit model and a new equilibrium is achieved, balancing flows
across both modes while optimizing motorists’ route choice. NSGA-II
algorithm is applied to a small test network to find an approximated
Pareto front of non-dominated solutions for each model. Bagloee et al.
(2016) tackle bike lanes network design in congested areas. In the
UL, binary design variables are used to select roads for exclusive
bicycle use among the initial mixed-use road network. In the LL, flow
variables y, divide in the flows of motorists and cyclists ensuring
multiclass equilibrium. The LL is an extension of model (15a)-(15d),
where capacity and road diet coupling constraints are introduced such
that the user equilibrium is constrained by the UL decision. In this
multiclass equilibrium, the feasibility and uniqueness of the solution
are not guaranteed, as reported by the authors. The authors present
an effective B&B algorithm, in which branching is iteratively applied
to partial UL solutions until a complete one is found and multiclass
user equilibrium is solved to find a new (incumbent) upper bound until
no partial solutions are found. Their algorithm is able to solve a real-
world instance with around 1000 nodes and 3000 arcs. In Gaspar et al.
(2015), the followers include car users, bus users, and cyclists and the
LL problem is a modal-split assignment problem, in which users decide
their optimal route and travel mode. The proposed GA is applied to a
real-world medium-size case study of the city of Santander (Spain) with
1500 candidate links for bicycle lanes.

In the bilevel bike lanes network design problem by Liu et al.
(2022), the leader designs the bike network to maximize total utility,
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while the followers (the cyclists) are in equilibrium with a multinomial
logit model for route choices. The latter is a different formulation in
which the probability p,,. for cyclist m of choosing route r is the LL
variable and the equilibrium model finds the minimum cost (maximum
net utility) choice for every cyclist. The objective function is the sum of
a convex term (balanced distribution of probabilities) and a linear term
(total utility). The authors first linearize the LL problem and then derive
the KKTR, which is proven to be asymptotically exact. The authors
are able to solve a real-world large-scale case study in China with
Gurobi. They also show how the introduction of cycling route choices
(the bilevel model) impacts the solution with respect to the single-level
model, which only maximizes cyclist’s utility function.

Bike lanes are also connected to sidewalks and crosswalks, which
are designed similarly with bilevel optimization. Rashidi et al. (2016)
explore pedestrian safety in traffic management through bilevel op-
timization. They formulate an SLMF bilevel problem in which the
city planner acts as the leader, making decisions on the location of
sidewalks and crosswalks. The travelers, as followers, decide on their
transportation mode (i.e., automobile, public transport, or walking) and
routes. The LL problem is represented using travel cost equilibrium
constraints in the UL. The authors present a non-convex SLR, drawing
from existing literature to certify the existence and uniqueness of the
lower-level solution based on the nonlinear complementary conditions.
However, in practice, the model struggles to generate feasible bilevel
solutions in reasonable time. Two heuristic methods calling the same
nonlinear complementary algorithm to solve the LL equilibrium are
presented to solve small illustrative examples, showing that pedestrian
safety can be improved and costs can be reduced.

Green facility location. In the FLP, the objective is to strategically
position a set of facilities to minimize the cost of meeting the demands
of a group of customers (see Laporte et al. 2019). In the bilevel FLPs,
the leader typically decides on the location and size of the facilities that
could be used by the followers. In the cases where the followers are
drivers optimizing routes and facility choices, the LL problem is mod-
eled as an equilibrium problem. In green bilevel FLPs, environmental
or social decisions and goals are tackled by the leaders. Chen et al.
(2020) formulate the bilevel problem of optimal location and capacity
planning of electric vehicle (EV) charging stations. The classical LL
equilibrium in model (15a)-(15d) is adapted here to consider the total
flow on links as the sum of gasoline vehicles and EVs arrivals. In the
equilibrium, the travel and waiting time at EV charging stations is
minimized for every follower (charging and route choice equilibrium),
also considering coupling constraints that restrict flow assignments to
only constructed facilities. The authors solve the proposed KKTR with
an iterative algorithm (IA), which certifies the C-stationarity of bilevel
solutions, on different illustrative examples (up to around 30 nodes,
80 links, and 40 candidate locations). Zhou et al. (2023) consider a
bilevel model with a multimodal network equilibrium in the LL for
the optimal placement of transit-oriented development (TOD) stations
in a Chinese city. TOD is an urban planning approach focused on
creating compact and mixed-use urban areas closely linked with mass
transit stations to efficiently integrate jobs, housing, and services. The
LL is a multimodal stochastic user equilibrium (SUE). The SUE differs
from Wardrop equilibrium in the fact that followers make probabilistic
mode choices (logit model) to minimize perceived travel times. The
authors develop a metaheuristic algorithm and solve a large-size real-
world instance. They also show how TOD stations can reduce carbon
emissions and how they impact multimodal networks.

In other cases, the leader is an authority (e.g., the government) and
the followers are one or more individuals. Gang et al. (2015) include
green goals in an FLP for stone industrial parks, which are districts of
stone enterprises located close to each other to share infrastructures
and control costs and pollution (from, e.g., dust and water consump-
tion). Several sustainable bilevel applications deal with industrial parks
optimization problems. We dedicate below a specific section to these
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problems (see Section 6.2). In the FLP studied by Gang et al. (2015), the
leader in the UL is the local government taking parks location decisions
(x), whereas the followers in the LL are the stone enterprises in conflict
with each other but in cooperation with the leader to decide on park
selection (y) subject to a constraint on maximum emission and coupling
capacity constraints as in constraints (14c) of model (13)-(14d) for
UL/LL network design variables. In this case, however, there is no
pricing but pure network design in the UL with two linear objective
functions (F(y) = a;y and F,(x,y) = a,x + b,y). The authors employ a
matheuristic co-evolutionary approach in which UL and LL exchange
information gradually in the iterative process. They develop a PSO
algorithm based on the concept of satisfactory level of objectives for
both the UL and LL and solve a case study in China, showing a 20%
reduction for all the objectives of both the leader and the followers.

Air passenger transportation. Qiu et al. (2020b) present an SLMF bilevel
model for determining the optimal carbon tax incentive policy for
air passenger transportation fossil fuel saving and carbon emissions
reduction. The leader is the government, setting the carbon tax and
allocating carbon tax incentive subsidies to the airlines for maximiz-
ing the net social benefit of the policy and to increase the system
efficiency. Airlines are the followers, developing their air transport
planning to maximize their profit. Their mathematical model refers
to price setting formulation (11)—(12c), with UL variable 7" being the
government carbon tax price to airlines, and LL variables y and z being
the improvement (e.g., fuel type, fuel efficiency) and adjustment (tax
transfer to passengers) strategies to adapt to UL price. A GA is proposed
to solve a case study in China. Results show that a carbon tax incentive
policy has the potential to save fuel and improve environment under
proper conditions.

3.3. Sustainable routing

In the VRP, routes must be optimized to visit a set of customers
with minimum total travel cost or time (see Toth and Vigo 2014).
Traditionally, these objectives have been purely economic. However,
in recent years, the classical VRP has been widely extended to directly
incorporate environmental and social impacts, moving beyond solely
economic goals (Bektas & Laporte, 2011). This analysis focuses specifi-
cally on these sustainable extensions of the VRP. While several studies
have explored sustainability-driven variations of VRP, relatively few,
to the best of our knowledge, have approached them using bilevel
optimization (see Table 2).

The Pollution Routing Problem (PRP) considers customer time win-
dows, vehicle speeds and loads, and aims to consider carbon emissions
in the road freight transport sector (Bektas & Laporte, 2011). The
classical PRP objective functions are the minimization of total cost
of fuel consumption and GHG emissions, total traveled distance, total
weighted load, or total energy consumed by vehicles. Very few PRPs
in the literature show a bilevel formulation. Nath et al. (2018) study
a bilevel multi-objective PRP where the depot acts as the leader and
vehicles as followers. In the UL, the customers are assigned to vehicles
to minimize total traveled distance and fuel consumption, whereas,
in the LL, vehicle routes are determined by minimizing distance. The
authors employ a metaheuristic algorithm based on NSGA-II for the
UL and a GA for each vehicle in the LL, yielding improved results
compared to NSGA-II applied to a single-level multi-objective PRP. Qiu
et al. (2020a) present another bilevel PRP, incorporating a carbon
pricing system. The authors propose a price setting formulation (see
(11)=(12c)). The authority acts as the leader and sets a carbon tax and
a carbon subsidy to a freight transport company based on actual carbon
emissions and emissions reductions, respectively. The company acts as
the follower making routing decisions. The LL appears as a classical
PRP with total costs minimization, including the driver (c,) and fuel
(cy) costs, the cost to pay for the carbon tax (7)) set by the leader
for emissions (), and the carbon subsidy (75), which is a positive cost
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(penalty price) if actual emissions (y) exceed initial emissions (constant
) and negative (subsidy for decreasing emissions) on the contrary. The
objective function is an adaptation of Eq. (12a) given as

min (¢, +T))y+ T,y - + ¢,z
¥

Carbon emissions are obtained by converting fuel consumptions, a
function of LL decisions on routing, flow, service time, and speed.
The problem is solved by means of an interactive heuristic method
based on PSO and adaptive large neighborhood search for the UL and
LL, respectively. Results based on real-world UK instances reveal that
carbon pricing initiatives can significantly reduce emissions with a
relatively modest increase in costs.

On the other hand, VRPs with social implications address public
transportation systems, an area that is gaining increasing attention in
VRP literature (see, e.g., Delle Donne et al. 2025), though still less
extensively explored compared to economic and environmental aspects
and very rarely approached with bilevel optimization. Efficient public
transport systems remain crucial for urban development, accessibility,
sustainability, and overall societal well-being (European Commission,
2021). In this analysis, we highlight one notable bilevel application
in the literature with direct social implications. Parvasi et al. (2017)
and Calvete et al. (2023b) study two closely related bilevel problems
related to the school bus routing optimization with students’ choice
consideration. In Parvasi et al. (2017), the leader in the UL is the
public transportation company deciding bus stations location and bus
routes. The students are the independent followers in the LL problems,
who decide whether to take which bus and at which station. The
authors propose two hybrid metaheuristic algorithms based on GA,
simulated annealing (SA), and tabu search (TS) effectively applied on
random instances. In Calvete et al. (2023b), the leader of the SLMF
bilevel problem is the authority who decides the routes, given the bus
stops, and the number of students assigned to each stop considering
students/stops accessibility and preferences. The students, in the LL
problem, decide which bus stop to select. The authors provide an SLR
based on duality theory, which works on small-size instances with
optimality certificate, and a metaheuristic algorithm, which obtains
good performances on large-size benchmark instances.

4. Production planning and manufacturing

Governments’ environmental policies, such as carbon taxes, emis-
sions regulations, and renewable energy incentives, along with public
awareness among stakeholders like manufacturers, energy producers,
and transportation companies, are driving the adoption of green tech-
nologies and sustainable industrial practices. Stakeholders are encour-
aged or required to adopt renewable energy, energy-efficient technolo-
gies, and advanced pollution control systems to meet regulations and
public expectations (see Tables 3 and 4). These efforts align with SDG
8 (Decent Work and Economic Growth) by fostering a green economy,
SDG 9 (Industry, Innovation, and Infrastructure) through manufac-
turing growth, economic acceleration, and CO, emissions reduction,
and SDG 12 (Responsible Consumption and Production) by promoting
policies for sustainable consumption of stakeholders and carbon foot-
print reduction of industrial activities. In bilevel frameworks, either
the government imposes a carbon policy and the industry responds
or multiple industrial entities interact with each other to reduce the
environmental impact of industrial outputs, typically in the UL, while
seeking efficiency in both UL and LL.

4.1. Carbon policies

Governmental policies and industrial reactions can be generally
modeled as bilevel nonlinear price setting problems. Carbon policies
to control industrial activities pollution are mainly direct and indirect
taxes, subsidies, and tradable permits. In most bilevel applications,
the leader in the UL is the government imposing carbon taxes and
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Table 3
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Summary of papers on bilevel applications focused on carbon policies on production planning.

Application References Bilevel game Players Objectives Method
Class Eq. UL 1L UL LL
Sinha et al. (2013) SLSF Government Mining company Max revenues; Min pollution Max profit Hybrid MOEA
Almutairi and Elhedhli (2014) SLSF Government Industry Min production and target Max surplus KKTR
Carbon o N .
olicies deviation weighted difference
p Hong et al. (2017) SLMF v Local government Firms Max social welfare Max profit DP + BSA + GA
Molavi et al. (2020) SLMF Regulatory authority Ports Min emission caps Max profit HEUR
Singh et al. (2018) SLSF Manufacturer/Seller Seller/Manufacturer Max profit Max profit KKTR
Table 4
Summary of papers on bilevel applications focused on green product design and manufacturing.
Application References Bilevel game Players Objectives Method
Class Eq. UL 1L UL LL
Green Ma et al. (2018) SLSF Manufacturer Supplier Max utility/cost ratio Min total costs GA
roduct Zhu et al. (2020) SLSF Designer Designer Min fuel consump.; Min GHG Min fuel consump. MOPSO + HEUR
gesi n em.; Min net present cost
8 Wu et al. (2020) SLMF Platform operator Service demanders Max environmental, Min time; Min price; Max quality Hybrid MOPSO
economic, social perf.
Zeng et al. (2020) SLMF Station owner Station users Max net revenue Max utility KKTR + CCG
Table 5
Summary of papers on bilevel applications focused on water management.
Application References Bilevel game Players Objectives Method
Class Eq. UL LL UL LL
Water Anandalingam and Apprey (1991) SLMF United Nations Countries Max economic net benefit Max economic net benefit Dual. SLR
scarcity Calvete et al. (2023a) SLMF Government Water demand points managers Min water deficit, Max Max economic net benefit KKTR+Lexic.
satisfaction, Min water price
Water Zhao et al. (2013) SLMF Lake authority Local authorities Min pollution reduction cost Min pollution and transfer KKTR
pollution cost
Table 6
Summary of papers on bilevel applications focused on waste management.
Application References Bilevel game Players Objectives Method
Class Eq. UL LL UL LL
Urban waste Caramia and Pizzari (2024) SLSF Central authority Local authority Min land-use stress, Min impact Min transportation cost KKTR+WS
on health
Hazardous waste Amouzegar and Moshirvaziri (1999) SLMF Central authority Firms Min total costs Min cost HEUR

one or more firms are the followers taking operational decisions in
the LL. Sinha et al. (2013) study an SLSF bilevel problem to optimize
government’s environmental regulatory decisions on a mining project.
The UL decision is on the optimal tax rate for each time period to be
paid by the mining company. The LL decision of the company is on the
extraction amount for each time period. The authors propose a hybrid
multi-objective evolutionary algorithm in a nested framework, where
for each UL decision the follower’s decision is approximated under an
optimistic approach, and solve a case study in Finland, providing a
valuable approximate revenues/pollution Pareto front of solutions. In
a similar SLSF bilevel model studied by Almutairi and Elhedhli (2014),
the follower is a generic industry, determining production quantities
and selecting fuel types. The authors present a KKTR approach and
apply it to solve a cement industry case study in Canada to optimality.
Results show that moderate tax rates can bring large reductions in the
overall emissions and the optimal tax rate reduces the quantity sup-
plied by high emitters and increases the quantity supplied by low and
average emitters. For the SLMF setting of multiple companies, Hong
et al. (2017) introduce a bilevel model for a carbon emissions cap-and-
trade scheme. The local government sets the emission trading scheme
and firms make production planning and technology selection decisions
and trading emission allowances among each other. The followers’
problem is modeled as a Cournot equilibrium model. The authors
propose a hybrid algorithm that combines dynamic programming (DP)
for followers’ decision, a binary search algorithm (BSA) for the LL
equilibrium to obtain an e-approximate optimal solution, and a GA for
the leader’s decision. The effectiveness of the cap-and-trade scheme is
shown through a numerical example in China. Molavi et al. (2020)
model an SLMF problem where a regulatory authority, as leader, min-
imizes a weighted sum of emission caps, while ports, as independent
followers, maximize profits considering investment costs, carbon taxes,
and carbon incentives. Using a tailored heuristic based on upper and
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lower bounds, they solve a case study on US ports, finding that taxes
alone reduce emissions, but combining taxes with incentives enhances
reductions without harming port profitability. Recent studies use fuzzy
optimization to approximate bilevel solutions in government-industry
carbon policy problems (see, e,g., Tan et al. 2023).

In other contexts like the one studied by Singh et al. (2018), the
bilevel game is between two firms and the government sets green taxes
and duties from outside. The authors present two SLSF bilevel models
for off-shore manufacturing contracts optimization with pollution con-
trol. In the first model, the leader is a seller firm in a developed country
deciding the retail price of a product in its market, and the follower is
another firm in a developing country that manufactures the product
with a lower manufacturing cost and decides on the transfer price to
the seller. A green tax and an import duty are paid, respectively, by the
manufacturer and the seller to their governments. In the second model,
on the contrary, the leader is the manufacturer and the follower is the
seller. The authors obtain KKTRs, linearized and solved to optimality.
A case study on electronics between a seller in USA and a manufacturer
in China shows that the bilevel models allow to improve the contract
for both parties under pollution control policies.

4.2. Green product design and manufacturing

Green product design and manufacturing practices are spreading
across different industrial sectors and various bilevel models are conse-
quently emerging. In SLSF problems, two entities of the same supply
chain interact with each other with sustainable goals (see Table 4).
In Ma et al. (2018), the manufacturer is the leader, deciding on produc-
tion modules, paying the carbon tax, and giving carbon incentives to
reduce emissions. The supplier acts as the follower, deciding on product
modules production. The authors propose a nested GA and show an
illustrative example on notebook computers, showing the effectiveness
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Table 7
Summary of papers on bilevel applications focused on agriculture.

European Journal of Operational Research xxx (xxxx) xxx

Application References Bilevel game Players Objectives Method
Class Eq. UL LL UL LL
Candler and Norton (1977) SLMF Policy maker Producers Max employment, income, Max profit Exact
Agricultural policy production
instrument Onal et al. (1995) SLMF v Policy maker Farmers Max total revenue Max surplus KKTR+HEUR
Whittaker et al. (2017) SLMF Policy maker Farmers Max total profit, Min nitrogen in Max profit Hybrid GA
land
Barnhart et al. (2017) SLMF Policy maker Farmers Max total profit, Min fertilizer Max profit MOEA
pollution
Agricultural supply chain Albornoz and Vera (2023) SLSF Producer Wholesaler Max profit Min cost KKTR

of their carbon incentive-based bilevel model in improving both the
product profit and the carbon emission. In Zhu et al. (2020), the leader
is the designer of hybrid EVs and the follower is another EV designer
making decisions on the energy management system. The proposed
solution method combines MOPSO at the UL and a heuristic rule-based
control approach at the LL. The results on an illustrative example show
that the bilevel approach is able to find optimal solutions resulting in
less fuel consumption, less GHG emissions, and less net present cost
compared to the single-level optimization.

In SLMF games, the followers are the users of a green product or
service. Wu et al. (2020) propose a bilevel model to assess the three
dimensions of sustainability for cloud manufacturing services: environ-
mental performance (e.g., energy consumption), economic performance
(e.g., flexibility), and social performance (e.g., consumer satisfaction).
In the UL, the platform operator decides which demanded services to
fulfill and how. In the LL, the service demanders determine the oper-
ational strategy for service composition. The authors propose a hybrid
PSO algorithm and show that it is more efficient than the classical PSO
on the single-level multi-objective model. Zeng et al. (2020) introduce
a robust SLMF bilevel model for the design and planning of a public
Plug-in EVs charging station. The leader, the station owner, decides on
the renewable energy and energy storage capacity and retail price. The
followers, the station users, decide on their charging-energy demand,
after uncertainty on renewable availability, wholesale energy price,
and number of EVs arrivals realizes. The authors propose a KKTR for
the model and a column-and-constraint generation (CCG) algorithm to
solve a case study. They compare the results of the bilevel approach
with a single-level one and show the benefits of the former to increase
renewable availability and decrease energy costs.

5. Water, waste, and agriculture management

We explore a selection of works leveraging bilevel optimization in
water, waste, and agriculture management. These studies align with
SDG 3 (Good Health and Well-being) by mitigating pollution-related
health risks. They contribute to SDG 6 (Clean Water and Sanitation) by
addressing water scarcity and pollution, ensuring sustainable resource
use, and emphasizing the need to combat lake ecological deterioration,
a growing global concern. SDG 15 (Life on Land) is supported through
sustainable agriculture, focusing on preventing land degradation and
minimizing the environmental impact.

5.1. Water management

Water is a primary source of life and its management has consis-
tently posed complex environmental and societal challenges. Multiple
stakeholders are involved in the water management process and differ-
ent issues may arise. We cover water scarcity and water pollution (see
Table 5).

Water scarcity. Bilevel optimization has been applied for water con-
flicts resolution. Anandalingam and Apprey (1991) introduce an in-
sightful problem in international rivers. They present a comparative
analysis of different hierarchies in multi-level Stackelberg games in-
volving an arbitrator (specifically, the United Nations) and two coun-
tries (India and Bangladesh) who compete for the use of Ganges river
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waters for hydroelectric power, irrigation, and flood protection. In the
bilevel hierarchy, the arbitrator is the leader and the two countries
act as followers of equal status, in conflict with both each other and
the leader. In the three-level hierarchy, the arbitrator again assumes
the leader role, but the two followers are engaged in a leader—follower
hierarchical relationship. Both models are solved exactly by SLRs and
using the penalty function method, given strong duality conditions
on the LL problem. The authors show that higher objective function
values are obtained under the three-level model, owing to substantial
subsidies from the arbitrator covering a significant portion of the
system costs. Calvete et al. (2023a) present an SLMF bilevel formulation
to address the optimal allocation of water to demand points that
are in conflict with each other due to water shortage. The leader is
the government deciding on water allocation to demand points and
establishing fees. In the LL, the multiple followers are demand points
managers who make decisions regarding water distribution within their
areas. The bilevel model is reformulated as a single lexicographic multi-
objective MILP model by the KKTR and tested effectively on several
water system scenarios.

Water pollution. In the work of Zhao et al. (2013), an SLMF bilevel pro-
gramming formulation is employed to model the hierarchical structure
of authorities responsible for lake water pollution control. In the UL,
there is one leader, the lake authority. In the LL, there are multiple
followers, the sub-regional authorities. The leader strategically sets tax
rates while ensuring compliance with environmental quality standards.
If the pollutant amount generated by a region exceeds the national
standard, the region pays a fee proportional to the pollutant quantity.
Pollution reduction costs are set by the lake authority. The followers,
in turn, make decisions regarding their pollution reduction tactics. The
authors derive the KKTR and then apply the bisection method to find
an approximated solution to the bilevel problem, providing a global
convergence rate.

5.2. Waste management

Authorities and citizens are compelled to assess the economic ef-
ficiency and environmental impact of waste due to its global volume
increase and the high pollution rate of its treatment process. Within
the waste management process, the national or regional authority is
responsible for strategic decisions such as facility location for waste
treatment, and local authorities or private companies deal with op-
erational decisions such as routing for waste collection (see Table
6).

Urban waste. Municipal solid waste management encompasses a set of
practices aimed at collecting and recycling solid waste generated by cit-
izens, involving a complex network of facilities and related stakehold-
ers, which must be efficiently designed. In Caramia and Pizzari (2024),
the global and local authorities serve as the leader and the follower
responsible for waste network design and transportation decisions,
respectively. The problem involves location, capacity, and transporta-
tion decisions for collection centers, sorting facilities, landfills, and
incinerators. The authors present two bilevel formulations under both
the optimistic and pessimistic assumptions, along with corresponding
KKTRs with the weighted sum (WS) method for dealing with the
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Table 8
Summary of papers on bilevel applications focused on green supply chain design and planning.
Application References Bilevel game Players Objectives Method
Class Eq. UL LL UL LL
Avval et al. (2023) SLMF Government SCs decision makers Min carbon cap Min cost ILS
Camacho-Vallejo et al. (2022) SLSF SC distributor SC manufacturer Max profit; Min COq Min cost HEUR
Green suppl emissions
chain PPl Camacho-Vallejo et al. (2023) SLSF SC distributor SC manufacturer Max profit; Min COg Min cost HEUR
emissions
Cantd et al. (2021) SLSF SC designer SC operational decision maker Min cost; Min GWP Min cost; Min GWP MOEA+LP
Cantd et al. (2023) SLSF SC designer SC operational decision maker Min cost; Min GWP Min cost; Min GWP MOEA+LP

Ghomi-Avili et al. (2021) SLSF SC1 SC2 Max profit cost; Min COy Max profit SLR+e-constr.
emissions
Golpira et al. (2017) SLSF SC1 SC2 Max profit cost; Min COq Max profit SLR+e-constr.
emissions
Table 9
Summary of papers on bilevel applications focused on Eco-Industrial Parks (EIPs).
Application References Bilevel game Players Objectives Method
Class Eq. UL LL UL 1L
Materials, Ramos et al. (2016b); Ramos et al. (2016a) SLMF EIP authority EIP companies Min total water consumption Min cost KKTR
water, and
energy
exchange
MLSF EIP participants EIP authority Min cost Min total water consumption KKTR
Utility share Ramos et al. (2018) SLMF EIP authority EIP participants Min total COy emissions Min cost KKTR
ty MLSF EIP participants EIP authority Min cost Min total COy emissions KKTR
Carbon Gu et al. (2020) SLMF EIP authority EIP participants Max revenue Min cost Iterative

incentives

primal dual

two UL objectives. They apply the linearized formulations to a case
study in Thailand, showing that the results of bilevel programming are
more realistic than the ones obtained with a bi-objective single-level
approach.

Hazardous waste. Hazardous waste includes all kinds of dangerous
and “special” sources of waste, typically generated by industrial en-
tities, such as chemicals and electronics. Motivated by a case study in
California, Amouzegar and Moshirvaziri (1999) introduce a capacity
allocation and facility location SLMF bilevel model for hazardous waste
management. In their model, the central authority is the leader, who
controls allocation and location decisions by setting prices and taxes
for harmful policies, while the firms engaged in the waste management
process act as followers. The authors propose a two-phase heuristic al-
gorithm that initially solves a relaxed single-level model, excluding the
followers’ objective, and subsequently solves the followers’ problem.
This penalty algorithm was proven to provide bilevel feasible solutions
in Amouzegar and Moshirvaziri (1998).

5.3. Agriculture

Bilevel programming finds several applications in agriculture, par-
ticularly in public policy-making and environmental policies. Several
studies focus on optimizing policy instruments, such as taxes, credits,
and incentives, with environmental and social goals, anticipating the
responses of farmers. The bilevel problems are typically SLMF and are
solved by means of SLRs or heuristic algorithms (see Table 7).

Agricultural policy instruments. In their pioneering work, Candler and
Norton (1977) define multi-level programming models in the economic
policy context. They call “policy problem” and “behavioral problem”,
respectively, the UL and LL problems. The former represents the de-
cision problem of policy makers who set policy instruments (e.g., tax
rates, incentives). The latter is the decision problem of decentralized
agents (e.g., firms, consumers, households) optimizing their economic
behavior. The authors propose a linear bilevel model application for
a Mexican agricultural production region, where policy makers set
subsidies, prices, budgets and taxes on materials and water, whereas the
decentralized agents decide on production. The application (solved by
a “hand-made” algorithm inspired by the simplex method) illustrates
the trade-offs between employment and production.

Other applications in agriculture model bilevel games between a
policy maker and farmers. Onal et al. (1995) address the optimal
allocation of agricultural credits to farm groups in Indonesia. The leader
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in the UL allocates credits in a selected area. The LL problem is a market
equilibrium problem for the farmers. The KKTR of the bilevel problem
is solved using a heuristic method based on the penalty function with
bilevel feasibility certification. Results on a small real-world applica-
tion show how reallocating credits, in particular decreasing credits
allocation to large farmers in favor of small farmers, can pursue both
agricultural market growth and equity. Similar conclusions are shown
by Whittaker et al. (2017), who study the problem of setting green
tax levels on fertilizer use in lands and show that bilevel optimization
is effective for geographical targeting agri-environmental policies. The
policy maker determines tax rates, whereas farmers make production
decisions based on tax rates. The study proposes a bilevel optimization
approach solved by a hybrid GA and applies it to the case study of
Calapooia watershed (Oregon). Results open up to the possibility of
including additional social objectives in the multi-objective UL. Barn-
hart et al. (2017) target a problem for the Raccoon watershed (Iowa)
and study a deterministic problem with the assumption of the same
tax rate for all farmers. They propose three EAs to identify the Pareto-
optimal set of policies for the policy maker. Their metaheuristics are
based on the exact (for NSGA-II) or approximate optimal response of
the followers, written as a closed-form solution in terms of UL decision
variables. The best method provides a well-established Pareto front for
a large real-world instance with more than 1000 farmers. The authors
also study the robust version of the problem considering production
uncertainty, and produce more realistic Pareto fronts at the expense of
the leader’s objectives.

Agricultural supply chain optimization. Albornoz and Vera (2023) study
a stochastic SLSF bilevel problem to address the selective harvest
planning problem in a supply chain. The producer serves as the leader,
making decisions related to harvest planning and scheduling (including
harvest zone selection, quantities, and workforce planning). The whole-
saler acts as the follower and determines the quantities to purchase
from the producer. Stochastic yields, demand, and prices are considered
in the model. The KKTR of the stochastic model is used to solve a
real-world instance for grape harvesting in Chile. Results show that the
bilevel model leads to a 10% increase in producer profits compared
to a two-stage method where two separate models are solved in a
hierarchical perspective.

6. Supply chains

Supply Chain Network Design (SCND) is the strategic field related
to the comprehensive planning and structuring of a supply chain. In
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recent years, the field has evolved to incorporate environmental and
social concerns, and the literature has studied several bilevel appli-
cations for sustainable SCND. Studies align with SDG 7 (Affordable
and Clean Energy) by promoting sustainable and reliable energy use
in supply chains, SDG 8 (Decent Work and Economic Growth) by
fostering the green economy and technological development, as well as
SDG 9 (Industry, Innovation, and Infrastructure) and SDG 13 (Climate
Action) by advancing resilient infrastructures, industrial growth, and
CO, emissions reduction. Additionally, SDG 11 (Sustainable Cities and
Communities) is addressed through reduced air pollution in supply
chains and industrial parks planning. We review applications of green
SC design and planning (see Table 8) and eco-industrial parks (see
Table 9).

6.1. Green supply chain design and planning

In certain scenarios, the government acts as the leader of the
bilevel problem influencing the regulations of multiple SCs, whereas
the followers are the SC decision makers, namely the managers of
the firms that have production and inventory facilities and deliver
manufactured products. In Avval et al. (2023), an SLMF bilevel problem
is used to establish a cap-and-trade system for SCs. The government is
the leader, setting a carbon cap and carbon allowances to encourage
SCs to adopt green technologies and reduce carbon emissions. The SCs
decision makers act as followers in a Stackelberg game, taking decisions
according to their carbon allowances and trading allowances among
each other. An iterated local search (ILS) is employed to solve small
instances of the problem. The UL solution quality and computational
efficiency of their method is compared to an exact approach in which
the bisection method applied to UL variables in the LL is combined
with an optimization solver to produce an e-approximated LL optimal
solution.

In other scenarios, different stakeholders within the same SC can be
involved in a bilevel problem, with one acting as the leader and the
other as the follower. In Camacho-Vallejo et al. (2022), the leader is a
distribution company and the follower is a manufacturing company of
the same SC. The distribution company acquires commodities from the
manufacturing company and makes decisions on customer selection,
routes, and vehicle types, while the manufacturing company defines the
production plan to not exceed a maximum pollution rate. An optimistic
approach is assumed and a bi-objective nested TS algorithm, in which
the follower’s problem is optimally solved for each leader’s solution,
is used to find well-approximated emissions/profit Pareto fronts for
instances with up to 1000 customers, 7 plants, and 80 vehicles. An
analogous bilevel model with profit maximization and CO, emissions
minimization goals in the UL is presented in Camacho-Vallejo et al.
(2023) in the context of SC restructuring (i.e., manufacturing and
service level reduction) after the COVID-19 pandemic and consequent
business closures. They propose a multi-start heuristic algorithm with a
well-posed LL problem under a tailored optimistic approach (i.e., with
respect to the environmental UL objective) and solve medium-size
instances with up to 700 customers, 60 vehicles and a few manufac-
turing plants. Results emphasize the strategic significance of achieving
a balance between the two UL objectives for the supply chain leader.

Cantt et al. (2021) study a sustainable SCND problem involving
energy source, production, transportation and storage decisions of a
hydrogen SC. A bi-objective MILP model minimizing the total daily cost
and the GWP of the SC is reformulated as an SLSF bilevel problem.
In the UL, the SC designer makes facility location decisions, while
production and transportation decisions are addressed in the LL by the
operational decision maker of the SC. A hybrid nested solution strategy,
combining an MOEA for the UL problem and an LP-based heuristic
approximating the transportation problem and introducing a single
WS objective function with random weights for the LL problem, is
proposed and compared with the classical e-constraint method applied
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to the single-level bi-objective MILP model. The results on six real-
world instances in France show that the bilevel method provides better
approximated cost/emissions Pareto fronts of solutions. Two years
later Cantd et al. (2023) generalize the problem by including additional
characteristics and nonlinear investment cost functions. An adaptation
of their previous hybrid solution strategy is shown to be valid since all
the nonlinearities are included in the UL problem. The robustness of the
solution method is proved by tests on the same case study in France.

In the third bilevel SCND scenario we consider, two supply chains
can be involved in a hierarchical relationship: one SC acts as the
leader (SC1) and the other as the follower (SC2), with uncertainty
typically considered in the problem formulation. Ghomi-Avili et al.
(2021) present a closed-loop SCND problem (i.e., SC with a reverse
flow of products for recycle) with two SCs competing on the same
product market in a bilevel framework under demand uncertainty
and disruption. The leader decides on the facility locations, supplier
selection, demand satisfaction, retail price, inventory management, and
reverse material flow. The follower decides on their demand satisfac-
tion and retail price. A bi-objective KKTR is given for the stochastic
bilevel model, and, to deal with uncertainty, it is enriched with an RO
approach. The resulting model is solved with the e-constraint method
and tested on a real-world case study in Tehran (Iran). A similar setting
and solution approach are also proposed in Golpira et al. (2017) for a
green opportunistic SCND problem.

Other SCND applications include relief logistics and are addressed
in Section 7.4.

6.2. Eco-industrial parks

An “Eco-Industrial Park” (EIP) is defined as a system of companies
that are located close enough to exchange materials and energy and
that aim to build sustainable economic, ecological, and social relation-
ships, like an SC of strictly connected members. Since 2000, and more
extensively since 2010, several studies have addressed EIPs optimiza-
tion problems mainly by means of multi-objective optimization and
game theory (see Boix et al. 2015). More recently, bilevel programming
has been introduced in the field for modeling two primary types of
cooperation in an EIP: (i) the exchange of materials, water, and energy
and (ii) the sharing of water and energy units.

Ramos et al. (2016b) introduce a bilevel optimization model for the
design and optimization of industrial water networks. They propose
two original multi-leader—follower games involving the EIP authority
regulating water exchanges and the companies. In the SLMF game,
the leader is the authority, while the followers are the companies.
In the MLSF game, the roles are reversed. In the former case, the
priority is given to environmental concerns, while the latter prioritizes
the economic benefit of the companies. The two bilevel problems are
both tackled by solving their KKTRs using non-convex and nonlinear
programming solvers. Results on a small example with three companies
show that the bilevel approach (in both SLMF and MLSF cases) is able to
advantage all three companies, while the multi-objective optimization
approach only favors two of them. Similar results have been shown
in Ramos et al. (2016a).

For EIP utility share, we only mention the relevant work by Ramos
et al. (2018), who propose multi-leader-follower games for the design
of a heat exchange utility network and introduce the concept of envi-
ronmental authority (the EIP authority with the goal of minimizing the
equivalent CO, emission from utility consumption). Again, the authors
formulate the SLMF and MLSF games and then solve their KKTRs.

Incentives for emissions reduction and energy-saving practices are
also gaining attraction within EIPs. Gu et al. (2020) introduce energy
price incentives for economic and environmental benefits of the part-
ners of an EIP under the Chinese real-time multi-energy system. An
SLMF bilevel model is proposed, where the leader is the authority of
the energy system setting the prices with carbon emissions constraints
and the followers are the energy users participating in the EIP. The
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Table 10
Summary of papers on bilevel applications focused on hazmat transportation.

European Journal of Operational Research xxx (xxxx) xxx

Application References Bilevel game Players Objectives Method
Class Eq. UL LL UL LL
Kara and Verter (2004) SLMF Central authority Carriers Min total risk Min distance KKTR
Gzara (2013) SLMF Central authority Carriers Min total risk Min distance KKTR+CP
Erkut and Alp (2007) SLMF Central authority Carriers Min total risk Min distance GIA
Erkut and Gzara (2008) SLMF Central authority Carriers Min total risk, Min total cost Min distance HEUR
Hazmat Bianco et al. (2009) SLSF Meta-local authority Regional authority Max risk equity Min total risk HEUR
transportation Xin et al. (2013) SLMF Central authority Carriers Min total risk Min distance RO+HEUR
Sun et al. (2016) SLMF Central authority Carriers Min total risk Min distance RO+HEUR
Liu and Kwon (2020) SLMF Central authority Carriers Min setup cost, Min risk Min transportation cost CP+BD
Taslimi et al. (2017) SLMF Central authority Carriers Min max risk Min transportation cost SLR,HEUR
Esfandeh et al. (2018) SLMF Central authority Carriers Min risk Min transportation cost HEUR
Table 11
Summary of papers on bilevel applications focused on hazmat toll setting.
Application References Bilevel game Players Objectives Method
Class Eq. UL LL UL LL
Hazmat toll Marcotte et al. (2009) SLMF Government Carriers Min travel risk and cost Max utility Dual. SLR
setfin Assadipour et al. (2016) SLMF Government Carriers Min travel risk, Min travel cost Min cost Hybrid Alg
g Lépez-Ramos et al. (2019) SLMF v Network operator Vehicles Max profit Min cost Dual. SLR
Table 12
Summary of papers on bilevel applications focused on hazmat control policies.
Application References Bilevel game Players Objectives Method
Class Eq. UL LL UL LL
Hazmat control Chiou (2016) SLMF v Network operator Vehicles Min total travel delay Min risk CP
policies Chiou (2017) SLMF v Network operator Vehicles Min total travel delay Min risk cp
Amouzegar and Moshirvaziri (1999) SLMF Central authority Firms Min total costs Min cost HEUR
Bhavsar and Verma (2022) SLSF Government Railroad operator Min risk Min cost KKTR
Table 13
Summary of papers on bilevel applications focused on emergency planning and disaster response.
Application References Bilevel game Players Objectives Method
Class Eq. UL LL UL LL
Safaei et al. (2018) SLSF Relief SC designer Relief SC operator Min total relief SC cost Min total supply risk Dual. SLR
Emergency Li and Teo (2019) SLSF Emergency command Distribution centers Max road network accessibility Max centers satisfaction; Hybrid GA
planning center administrator Min total delivery time
and disaster Gao (2022) SLSF Network designer Network operator Min total dissatisfaction level Min total expected time SLR
response Liu and Luo (2012) SLMF v Emergency manager Evacuees Min total evacuation cost Min perceived travel time GA
Yi et al. (2017) SLMF v Emergency manager Residents Min weighted travel time&risk Min travel time HEUR
Gutjahr and Dzubur (2016) SLMF v Aid-providing Beneficiaries Min opening cost; Min uncovered Min weighted travel and e-const. + B&B + FWA

organization

demand unmet demand cost

authors propose an iterative primal dual procedure based on KKT
conditions, which guarantee global optimality upon convergence. The
case studies show that this energy price system can positively affect
both the economic benefit of the energy users and the environmental
impact of the EIP.

7. Disaster prevention and response

Hazardous material (called “hazmat” hereafter) encompasses sub-
stances such as flammable and explosive materials, posing significant
human and environmental risks. Disaster prevention include hazmat
transportation (see Table 10), tolls (see Table 11), and other gov-
ernmental control policies (see Table 12) introduced to address and
mitigate these risks. Disaster response includes location, supply, and
material distribution problems for emergency planning and relief logis-
tics (see Table 13). These initiatives support SDG 1 (No Poverty), SDG 2
(Zero Hunger), and SDG 3 (Good Health and Well-being) by minimizing
health hazards, mitigating the impact of disasters on communities and
ensuring the efficient delivery of essential services including healthcare,
food supplies, and emergency relief to affected areas.

7.1. Hazmat transportation

In the domain of hazardous material transportation, road segment
selection and network design are pivotal aspects. The main problem
in the field is the Hazardous Materials Transportation Network Design
Problem (HTNDP), which has been addressed with several bilevel
programming approaches. In the seminal work by Kara and Verter
(2004), the authors formulate the HTNDP under a bilevel framework
where the leader is the government authority and the followers are
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the carriers. The leader determines road segments to be closed for
carriers while the followers make route choices. The KKTR is linearized
and solved by a commercial solver on a given instance. Results on
a medium-sized case study in Western Ontario (Canada) show that a
win-win situation exists for government and carriers, since both the
risk and total distance decrease when a shipment-specific regulation
for road segment selection is applied. In Gzara (2013), the authors
provide an exact CP method and a family of valid cuts for the bilevel
HTNDP. In Erkut and Alp (2007), the authors restrict the HTNDP
by Kara and Verter (2004) to the case where only one route between
any given origin and destination is allowed, resulting in a minimum
risk hazmat tree network problem. They propose a greedy insertion
algorithm (GIA) that iteratively adds paths to an optimal tree network,
which is found by solving the SLR of the problem. The method only
certifies the feasibility to the general problem. They test the GIA on a
case study in Ravenna (Italy), consisting of a large network of around
100 nodes. They find different solutions with variable risk and cost,
one of which reduces risk by 60% with respect to the unregulated
solution with only a 6% increase in costs. In Erkut and Gzara (2008),
the authors extend the HTNDP by Kara and Verter (2004) to the case
of an undirected network and propose a bi-objective UL model. Results
obtained with a heuristic using different risk measures on the case study
of Ravenna as well as on random instances reveal that the heuristic
is effective and time-efficient, both for the single-objective and the
bi-objective problem. A different bilevel HTNDP, where the leader
and the follower are, respectively, a local and a regional authority,
is explored by Bianco et al. (2009). The study provides an iterative
heuristic method based on Erkut and Gzara (2008), which provides
stable heuristic solutions when no optimistic/pessimistic approach is
chosen. The authors demonstrate its effectiveness on a case study in
Rome (Italy).
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Addressing risk uncertainty is essential in hazmat transportation,
where several external factors such as climate and road conditions
can impact the hazmat risk. In the uncertain HTNDP, an interval of
risk values is given for each arc of the network. In Xin et al. (2013),
intervals of risk values are introduced in the model proposed by Kara
and Verter (2004) such that each commodity on each arc has its own set
of possible risk values. The leader is the government and the followers
are the carriers. The authors provide a robust heuristic approach based
on the minimax regret criterion and use it to find a robust shortest
path for each commodity. The approach is tested on a small-size real-
world case study in China for the transportation of solid and gas
hazmat, showing good-quality solutions. Sun et al. (2016) present two
robust bilevel models for the HTNDP, wherein the risk uncertainty
associated with each arc is defined using intervals. A distinction is
made between homogeneous and heterogeneous risk scenarios for all
shipments. The models incorporate an uncertainty budget, denoting
the total number of arcs exposed to uncertainty for all shipments.
A heuristic algorithm based on a Lagrangian relaxation is proposed
and tested on the Ravenna case study from Kara and Verter (2004)
and on larger instances from the city of Barcelona (Spain). Liu and
Kwon (2020) combine the robust HTNDP and hazmat facility location
under a bilevel framework, introducing uncertainty for hazmat risk
and transportation demand. The leader decides which facilities to open
and which road segments to close, while the followers decide on their
routes. The worst-case scenario is considered using an RO approach.
The author adopt the CP method by Gzara (2013), combine it with
a BD, and include uncertainty. The resulting exact method is proven
to be effective compared to the direct solution of the SLR. These
studies collectively contribute to the understanding and optimization
of the HTNDP, addressing environmental and social perspectives. Other
HTNDP extensions include, for example, equity risk (see Taslimi et al.
2017) and time-dependent road closure policies (see Esfandeh et al.
2018).

7.2. Hazmat toll setting

Toll setting in hazmat transportation is an alternative tool for policy
makers and road network operators to contain the hazmat risk exposure
for road users. Marcotte et al. (2009) compare the bilevel HTNDP
model by Kara and Verter (2004), in which road segments are closed to
hazmat carriers, with their toll setting model in which tolls are applied
to roads for hazmat carriers. The government sets tolls on roads, while
carriers decide their shipment routes. The study, which presents an SLR
of the toll-setting model based on primal-dual optimality conditions,
reveals that the toll setting model gives a lower optimal risk than the
previous network design model. Assadipour et al. (2016) introduce a
bi-objective bilevel model where the government deters the carriers
from using certain rail intermodal terminals by assigning a toll to
each hazmat container passing through them, and the carriers select
the routes. The authors address the problem with a hybrid algorithm
where a GA for multi-objective optimization is combined with the
optimal solution of the LL problem. A case study in USA is solved
by comparing the toll setting model with the network design model
(where the government closes some terminals instead of setting tolls).
Different results suggest that a two-stage procedure (toll setting first
and network design after) obtains promising solutions. Network design
and toll setting are sometimes integrated into a unique bilevel setting,
such as in the model by Lopez-Ramos et al. (2019). The authors
formulate a strong-duality-based SLR, which is then heuristically solved
on benchmark instances.

7.3. Hazmat control policies
Other bilevel applications for hazmat transportation deal with con-

trol policies. Chiou (2016) introduces nonlinear bilevel models for
hazmat transportation with signal-controlled road networks. The aim is
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to regulate hazmat traffic by setting signals. The LL problem involves
a traffic equilibrium. The author proposes an iterative CP method
based on bundling subgradients from previous iterations. Chiou (2017)
extends the problem to incorporate travel demand uncertainty. Ad-
dressing pollution control policies, Amouzegar and Moshirvaziri (1999)
present a bilevel model for hazardous waste management (see Sec-
tion 5.2). Subsidies are another effective tool for hazmat transportation
risk control. Bhavsar and Verma (2022) introduce an SLSF model,
where the government offers subsidies to induce the railroad opera-
tor to take alternative routes that are away from high-risk network
links. The authors present a KKTR, applied to a real case in USA,
demonstrating that even modest subsidies can result in significant risk
reduction.

7.4. Emergency planning and disaster response

Natural disasters require efficient relief supply chains to provide re-
lief commodities to communities, including food, clothing, and
medicines, among many. Leader and follower of SLSF bilevel games
model the strategic and operational levels of decisions of relief logistics
decision makers in various contexts. Safaei et al. (2018) propose a
robust model to optimize the supply/demand process of relief com-
modities under uncertainty. In the UL, the leader decides the locations
of transshipment transfer depots close to the disaster areas for col-
lecting commodities from central warehouse and transfer decisions
to the disaster areas. In the LL, the transfer of commodities from
suppliers to the central warehouse are determined. The authors obtain
a KKTR. Results on flood disaster real scenarios in Iran demonstrate
the effectiveness of the proposed method. Li and Teo (2019) formulate
the multi-period bilevel road network repair work scheduling and relief
logistics problem for earthquake disaster relief. The leader makes the
restoration strategy (i.e., repair crew assignment and routing) for each
period, whereas the follower makes relief logistics and relief material
delivery decisions according to the UL strategy. The proposed hybrid
GA is able to solve a case study in China in a short computational
time, with a resulting 15% level of road repair at the end of the time
horizon. The multi-commodity rebalancing problem allows to rebalance
surplus and shortage of relief commodities over the transportation
network to satisfy the potential demand at all relief centers. Gao (2022)
presents a stochastic bilevel model under demand and transportation
network availability uncertainty. In the UL, the incoming and outgoing
shipments at relief centers are determined to achieve fairness between
the centers, while in the LL, the routing decisions are made. The authors
solve an SLR on an earthquake case study in China, showing applicable
and effective decision-making results.

Prevention or post-disaster decisions of the policy maker and the
consequent behavior of individuals affected by a disaster are well
modeled by SLMF games with equilibrium between the followers. Liu
and Luo (2012) study the emergency evacuation process, in which sig-
nalized and uninterrupted flow intersections in the evacuation network
must be optimally located for traffic crossing-elimination and signal
control. In the UL, the emergency manager decides the intersections
location. In the LL problem, modeled as a SUE problem, evacuees make
evacuation routes decisions. The authors propose a GA with the succes-
sive weighted averages method for the convex LL equilibrium and solve
a case study in China, obtaining total evacuation time reductions of up
to 40%. Yi et al. (2017) present a bilevel model with a similar structure
(SLMF with dynamic traffic equilibrium in the LL), where the leader
decides when and where to issue orders and the followers in the LL are
the residents deciding if, when, and how to evacuate. The UL is a multi-
stage stochastic program with hurricane occurrence uncertainty. The
authors propose a heuristic algorithm based on a Lagrangian relaxation
with scenario decomposition and solve a case study in North Carolina
for different hurricane scenarios. Gutjahr and Dzubur (2016) study the
FLP of distribution centers for a natural disaster response humanitarian
SC. The leader makes location opening decisions and the followers
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make supply decisions in a traffic user equilibrium model. The authors
propose an exact approach based on the e-constraint method for the bi-
objective UL, a B&B, and the Frank-Wolfe algorithm (FWA) for the LL
Wardrop equilibrium. Medium-size instances for a case study of rural
communities in Senegal are solved to optimality, showing reductions
of up to 40% of the unmet demand.

8. Conclusions and future research directions

Bilevel optimization models hierarchical decision-making processes
involving multiple actors. The field has been rapidly expanding in both
solution methodologies and applications, approaching different real-
world situations involving policy makers, industrial entities, and end
users. In alignment with contemporary public and private concerns
surrounding the “3P” framework, that stands for “profit, planet, peo-
ple”, and the well-known Sustainable Development Goals (SDGs), this
paper analyzes the literature on bilevel applications with sustainability
perspectives, considering the three-dimensional aspect of the term.
By delving into the literature, we identify bilevel applications that
incorporate at least two (out of three) dimensions of sustainability
- economic, environmental, and social — within the upper or lower
levels of the hierarchical game structure. These applications align
with SDGs by promoting resilient infrastructure, sustainable industri-
alization, and low-carbon technologies, addressing urban sustainability
challenges including disaster risk reduction, air pollution control, and
efficient transportation networks, and encouraging waste reduction and
environmentally conscious production practices in businesses.

We study the players of these bilevel games, their decisions and
goals, along with the proposed solution methods, and the resulting
insights on real-world case studies for transportation and logistics,
production planning and manufacturing, waste, water, and agriculture
management, supply chains, and disaster prevention and response.
Applications cover renowned mathematical programming problems,
such as assignment, location, and routing problems, among many,
which have only recently been extended to incorporate optimization
of environmental and social aspects.

In bilevel applications, leaders typically emerge as authorities de-
signing service systems for the private/public domain or companies
optimizing their businesses to provide consumers with products. Opti-
mization problems encompass diverse decision-making processes, rang-
ing from carbon policies to green vehicle and route selection, waste
reduction, environmental preservation, clean energy production, health
risk mitigation from hazardous materials, and emergency logistics op-
timization. A recurring pattern observed in our analysis is that the
upper-level problem, typically led by an authority, incorporates green
and social goals alongside economic ones. Conversely, the lower-level
problem of end users usually prioritizes efficiency or profitability.
Numerous case studies covering industrial and public environments
across various countries in Europe, America, Asia, and Africa show-
case the potential of bilevel optimization in achieving sustainability
goals. Positive outcomes include reduced carbon emissions, expanded
and efficient network infrastructures, and maximized social benefits
measured in terms of people’s preferences and health risk mitigation.

Most of these bilevel applications adopt the optimistic approach or
remain unspecified when using heuristic methods. Pessimistic models,
where the leader decides against the worst-case scenario, are still rare
in sustainability applications. Most existing pessimistic models focus on
interdiction or risk-averse investment problems, which, in the contexts
covered by our review, typically do not relate to sustainability actions.

For single-leader—single-follower applications, a single-level refor-
mulation can often be derived, allowing the problem to be solved using
commercial solvers (when possible) or through tailored heuristics on
larger instances. When multiple objectives are present (typically at
the upper level), evolutionary algorithms are commonly employed to
obtain heuristic bilevel solutions. Similarly, single-level reformulations
are sometimes achievable for single-leader—multi-follower problems;
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however, evolutionary and genetic algorithms are widely used, particu-
larly when multiple objectives exist at one or both levels. For problems
involving a lower-level equilibrium among the followers, genetic algo-
rithms and tailored heuristics are currently the most effective methods,
although some attempts at single-level reformulations have also been
explored.

Despite the wealth of applications, there remain aspects that can be
further investigated. We sketch possible directions for future research
in the field of bilevel optimization with sustainability perspectives:

1. Future research should focus on developing frameworks that
integrate environmental and social perspectives into the lower
level of bilevel optimization models, addressing issues such as
environmental awareness, community well-being, social equity,
and the broader societal impacts of business decisions. This
would allow to investigate the role of end users, including
companies, consumers, and citizens in shaping sustainable prac-
tices, acknowledging not only external influences like public
policies but also the individual motivations and values that
drive decision-making. For instance, a bilevel approach could be
applied in the fleet management context, where authorities and
companies, respectively, with emission regulations and green
practices reduce the impact of vehicular emissions but also
improve the economic efficiency of the fleet.

2. The exploration of the social dimension in bilevel optimization
remains in its early stages, as evidenced by the fact that SDGs
4 (Quality Education), 5 (Gender Equality), 10 (Reduced In-
equalities), and 16 (Peace, Justice, and Strong Institutions) are
not addressed by any of the papers included in our review.
Researchers should investigate how decisions, especially of the
leader of the bilevel game, impact various social aspects, in-
cluding equity, accessibility, and well-being considerations, as
well as stakeholder engagement and corporate responsibility.
This involves the incorporation of more social indicators and
metrics into bilevel goals. The work by Hu et al. (2022) is an
exception in the field of bilevel facility location, tackling the lo-
cation and size problem for general service infrastructures from
a social perspective. Their bilevel model incorporates proximity
to desirable and undesirable areas to evaluate as a metric of
location environmental impacts, and optimizes service efficiency
and density as measures of user satisfaction.

3. Fairness in transportation has been neglected so far in bilevel
optimization applications for transportation and logistics. In-
teresting future research should investigate the modeling of
fairness-related requirements and objective functions to consider
leader’s social optimum that is also fair in terms of, for instance,
the difference between the maximum and minimum travel time
of followers.

4. Given the variety of routing problems studied in the literature,
the field of bilevel green routing can be further explored. The
few works reported in this survey open room for future works on
hierarchical routing decisions, such as the introduction of green
policies and vehicle selection for routing plans with reduced
carbon emissions.

5. Other sectors, such as healthcare and medicine, should be ex-
plored with bilevel optimization. Very few applications have
emerged, for instance, for home healthcare supply chain op-
timization and genetic studies on the human body network
structures.

6. From the methodological perspective, we notice that the ma-
jority of sustainable problems with a bilevel structure and for-
mulation are still solved using heuristics, and certain lax prac-
tices persist in the field (see Camacho-Vallejo et al. 2024). In
many heuristic-based approaches, the focus is on obtaining high-
quality solutions for the follower’s problem rather than solving
it to optimality. In that case, there is no guarantee that the
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Table A.14
Acronyms.
Acronym Meaning Acronym Meaning
AON All-or-nothing LP Linear programming
B&B Branch-and-Bound MILP Mixed-integer linear programming
B&C Branch-and-Cut MINLP Mixed-integer nonlinear programming
BD Benders decomposition MLMF Multi-leader-multi-follower
BSA Binary search algorithm MLSF Multi-leader-single-follower
CCG Column-and-constraint generation MO Multi-objective
CG Column generation MOEA Multi-objective evolutionary algorithm
CP Cutting plane MOPSO Multi-objective particle swarm optimization
DP Dynamic programming NSGA-II Non-dominated Sorting Genetic Algorithm II
EA Evolutionary algorithm oD Origin—destination
EIP Eco-industrial park PRP Pollution routing problem
EV Electric vehicle PSO Particle swarm optimization
FLP Facility location problem RO Robust optimization
FWA Frank-Wolfe algorithm SA Simulated annealing
GA Genetic algorithm SC Supply chain
GHG Greenhouse gas SCND Supply chain network design
GIA Greedy insertion algorithm SDG Sustainable development goal
GNEP Generalized nash equilibrium problem SLMF Single-leader-multi-follower
GWP Global warming potential SLR Single-level reformulation
HEUR (Meta)heuristic SLSF Single-leader-single-follower
HTNDP Hazardous materials transportation network design problem SO Stochastic optimization
1A Iterative algorithm SUE Stochastic user equilibrium
ILS Iterated local search TOD Transit-oriented development
KKT Karush-Kuhn-Tucker TS Tabu search
KKTR Karush-Kuhn-Tucker reformulation UL Upper level
LL Lower level VRP Vehicle routing problem
LLVFR Lower-level value function reformulation WS Weighted sum

obtained solution is even bilevel-feasible, which is a significant
drawback of metaheuristic approaches. In addition, the treat-
ment of multiple follower optimal solutions is neglected, leading
to potentially ill-posed bilevel formulations. Therefore, the gap
between the rigorous analysis of bilevel mathematical programs
and the use of efficient metaheuristics for practical problem-
solving is currently, to the best of our knowledge, an open
question in bilevel literature.

7. We expect that recent advances in computational bilevel opti-
mization (see, e.g., Kleinert et al. 2021) and future algorithmic
developments will allow to tackle these complex bilevel settings
using exact algorithms as well. In particular, comparison of
approaches based on single-level reformulations, which lever-
age optimality conditions, provides an interesting direction for
future research and a reference in the literature. Scalability is
another crucial factor (in addition to optimality) to be consid-
ered in the future development of exact solution techniques.
Addressing the challenges posed by large-scale bilevel problems
remains a key priority, as scalability is a crucial factor in the
development of exact solution techniques.

In summary, bilevel optimization has already made substantial con-
tributions to sustainable decision-making, and we expect that this
collection of works not only consolidates existing knowledge but also
lays the foundation for future developments in the research field and
supports practitioners in more structured and holistic decisions.

Another important sector that, due to the large number of possible
applications, has remained out of the scope of this study, is that of
electricity and energy markets. The literature on this sector is already
large and well structured, including cases that adopt the pessimistic
approach (see, e.g., Alves and Antunes 2018). Our future research will
be dedicated to the analysis of green bilevel energy applications.
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