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ARTICLE INFO ABSTRACT

Keywords: As hydrogen products emerge as a promising energy alternative in multiple sectors, low carbon hydrogen supply
Hydrogér} chains require concerted efforts among a diverse array of stakeholders. Within an evolving energy transition
Competition landscape, stakeholders’ competition and cooperation play a critical role in expediting the deployment of the
gzzgziﬁgz’; hydrogen economy. In this review, different strategies referred to as Hydrogen Competition, Cooperation, and

Coopetition (H2CCC) dynamics are analyzed from the lenses of game theory. The study employs hybrid literature
review methodology, integrating both bibliometric and structured review approaches. The study reveals that
competition and cooperation represent a contrasting but interconnected dynamics that drive the energy tran-
sition. Coopetition models are less common. Furthermore, it is observed that Integrated Energy Systems are
mainly used in cooperative and coopetitive approaches while H, technologies and Hydrogen Supply Chains are
more explored in competitive approaches. Industrial and mobility sectors are present in H2CCC dynamics with
technological players more present than institutional entities. Maps, definitions, gaps and perspectives are
developed. These insights may be valuable for policymakers, industry stakeholders, modelers, and researchers.

Game theory
Stakeholder dynamics

There remains a need for further empirical H2CCC case studies and applications of pure coopetitive games.

1. Introduction

The Sustainable Development Goal 7 from the United Nations aims at
providing affordable, reliable, sustainable and modern energy for all by
2030 [1]. For the past decades, efforts have been made towards tran-
sitioning into clean energy since it offers numerous advantages over the
use of fossil fuels [2]. Low-carbon hydrogen (Hy) offers the possibility to
store overproduction of renewable energy sources, creating greater
flexibility in energy systems [3]. Hydrogen is also praised for its use-
fulness as a clean energy carrier capable of decarbonizing multiple
sectors, like mobility, industry, and residential heating. While
low-carbon hydrogen has the potential to enhance energy security and
support decarbonization efforts, its unit cost remains prohibitively high
through 2025. Low-carbon hydrogen production requires the upscaling
of hydrogen supply chains (HSCs), i.e., networks that link institutional
and technological stakeholders [4]. Institutional stakeholders refer to
groups representing institutions (e.g., government, industry, regulatory
bodies, academia), including specific agents such as countries, public
and private companies, policymakers and regulators, universities, etc.
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[4]. Technological or infrastructure stakeholders refer to the various
technologies involved across the hydrogen supply chain, such as pro-
duction, storage, and distribution. These include infrastructure agents
(e.g., wind energy, electrolysis, SMR, pipelines, gas storage, refueling
stations, and fuel cell electric vehicles). A list of interests for institutional
and technological (infrastructure) stakeholders and agents is provided in
Ref. [4]. In graphical representations, the HSC agents are typically
connected by arrows, illustrating their relationships and in-
terdependencies [4]. Low-carbon HSCs face significant challenges,
including substantial financial investment requirements and high eco-
nomic risk in a market characterized by uncertainty and stringent reg-
ulations [5]. Nonetheless, collaborative H roadmaps and national plans
for developing the hydrogen economy have been established, with
important targets from 2030 [6]. Hydrogen must not only deliver
environmental benefits [5] but also remain affordable [1], for the
associated supply chains (feedstock, fuel, or technology) [7].

Strategic, tactical and operational decision levels are classically
considered in supply chain related to different time horizons [8]. There
are multiple modeling approaches to design HSCs: 1) optimization
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(single- [9] or multi-objective [17]; deterministic [9] or stochastic [10];
linear [97] and non-linear [11]; single- or multi-period [12]); 2) simu-
lation [13]; 3) spatial-based approaches (GIS-supported models [14]); 4)
behavioral and strategic models (e.g., game theory and agent-based
models); and 5) hybrid models (e.g., optimization + GIS or optimiza-
tion + game theory). In optimization models, the most competitive
options are proposed as the best solutions, as these models aim to
identify optimal configurations that minimize cost or environmental
impact [9,15]. More sophisticated optimization models prioritize sus-
tainability by simultaneously optimizing economic, environmental, and
social aspects; however, trade-offs in HSCs are inevitable and the costs
remain high [16,17].

Optimization has been the most used approach in the last decades
[18] but from the stakeholder behavior point of view, optimization is
mainly related to competition and the approach assumes a single deci-
sion maker approach (centralized decision). Recently, increasing
attention has been given to the use of game theory in optimizing
resource allocation [19], and many prospective HSC models employ
methods that imply competition among technologies [20-23] or re-
sources [24] during the design phase. Stakeholders might also compete
to increase the market share, attract investments through favorable
policies, incentives, and regulatory frameworks with the primary goal of
reducing cost and improving profit [25].

Cooperation is also crucial at the current stage to defeat barriers such
as high infrastructural costs and regulatory compliance in low-carbon
HSC scaling-up efforts. Roadmaps emphasize the need for cooperation
and coordination among multiple HSC stakeholders to accelerate low-
carbon HSCs deployment and argue for de-risking, risk-sharing, and
customized financing solutions [26]. Coalitions among various stake-
holders are also necessary to build production facilities, distribution
pipelines, storage, and refueling stations. Collaboration is needed to
promote best practices, advocate for favorable policies, and to establish
international partnerships to build a global hydrogen market [4] needed
for stable demand and supply of hydrogen energy. Cooperation has been
analyzed using several theories such as evolution theory [27,28], social
exchange theory [29], network analysis [30], behavioral theory [31,32],
cooperation for innovation [33], tragedy of the commons [34,35],
Rawls’ theory of justice (fairness) [36], complexity theory (agent-based
modeling) [37], systems analysis, stakeholders and resource depen-
dence theory [38,39], game theory [40,41]. Cooperation is often
examined at regional and national levels [42,43], focusing on both in-
dustrial [44] and technological collaboration [45,46].

Another important strategy is coopetition [47] (a blend of coopera-
tion and competition) which can be understood as a coordinated and
balanced approach to addressing the challenges posed by inter-sectoral
rivalry over hydrogen supplies and infrastructure. In this context,
stakeholders collaborate in specific areas while maintaining competitive
advantages in others [48-50]. By embracing coopetition, stakeholders
might overcome conflict by balancing short-term competitive interests
with long-term collective goals to accelerate the deployment of HSCs
[51]; e.g., hydrogen producers might cooperate on large scale electrol-
ysis projects to share capital costs but compete on pricing and market
access [52]. Coopetition can be modeled using game theory [47,48].

Strategic interactions among stakeholders in HSCs have been
partially and scarcely explored [4]. This work aims to investigate the
modeling of stakeholders’ behavior in HSCs with particular emphasis on
establishing clear boundaries to facilitate rigorous analysis. A review on
the social aspects of HSCs identified that modeling cooperation by using
game theory in HSC can be further explored [53], and Zhang et al. [54]
concluded that game theory-based models are better suited to account
for the different economic goals of stakeholders and to simulate the
interactions between them. Unlike optimization approaches, game the-
ory adopts a multi-decision-maker perspective, which is crucial for
modeling stakeholder behavior in supply chains. Moreover, in solutions
of game theoretic models, the descriptive and predictive analysis of a
complex multi-agent system (what are the feasible outcomes, which
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state of the system is likely to emerge?) is always coupled with the
prescriptive aspect of the analysis (what to do to influence or achieve a
preferred outcome?). Considering the reasons outlined above, together
with the growing relevance of game theory in analyzing supply chain
dynamics and the rapidly expanding body of literature employing it
(often in combination with other frameworks), this study delimits its
scope to game theoretic models in HSCs. Nevertheless, this focus should
not be interpreted as implying that game theory is inherently more
suitable than other approaches for studying stakeholders’ behavior.

Previous review papers are presented in Table 1. Some of them have
explored modeling approaches from HSC to hydrogen system integra-
tion [54,55]. The concept and patterns in supply chain coopetition are
presented in Ref. [56]. Review papers on cooperation focus on power
systems, e.g., microgrids clusters [57] using cooperative game theory
[58], and more recent work reviewed both cooperative and
non-cooperative game theory used in renewable energy systems [57,
59]. As displayed in Table 1, to the best of our knowledge, there is no
work that has mapped the game theoretical application in Hydrogen
Competition, Cooperation, and Coopetition (H2CCC) dynamics (Table 1).

This study aims to investigate how game theory research has been
used to analyze the behavior of institutional and technological stake-
holders in hydrogen and energy systems, with particular focus on
cooperation, competition, and coopetition dynamics (Fig. 1). Specif-
ically, three research questions are listed.

e RQ1: How is game theory applied to H2CCC dynamics?
e RQ2: What are the main trends and focus areas in H2CCC research?
e RQ3: What are the research gaps and future directions in H2CCC?

To this end, this research develops a hybrid systematic literature
review combining bibliometric (topic identification) and structured
approaches (formal analysis) [60]. As shown in Table 1, coopetition in
energy and hydrogen supply chains remains unexplored. The initial
hypothesis is that there is limited effort in modeling coopetition and a
limited empirical implementation of coopetition strategies in
low-carbon HSC modeling.

This paper is organized as follows: Section 2 presents a brief back-
ground by explaining the main concepts used in game theory and in
energy systems where hydrogen is an important component. The
methodology used in this hybrid literature review is given in Section 3.
The consolidated results from both the bibliometric and structured re-
views are presented in Section 4, followed by the detailed analysis based
on the structured review (Section 5). The research gaps, limitations, and
future perspectives are listed in Section 6. The conclusions of this review
are available in Section 7.

2. Background

Energy stakeholders are numerous and vary depending on the energy
system, supply chain, or network. The interests of stakeholders within
the HSC are often complex and dynamic. In Section 2.1, the context and
important methodologies/terms of game theory are summarized. Sec-
tion 2.2 provides the context of energy and HSC systems and points out
some of the main stakeholders identified in the literature.

2.1. Game theory

Game theory has emerged as a viable approach for studying various
stakeholder dynamics [61]. It is defined as a formal, mathematical
discipline that studies situations of competition and cooperation be-
tween several involved parties [62]. In game theory, stakeholders’
strategic interactions are akin to games where each stakeholder is a
player and acts either in its own interest or for the mutual benefit of a
coalition the player is a member of. The outcome of the game is deter-
mined by how stakeholders act (compete or cooperate). In Fig. 1, the left
side depicts the various stakeholders (agents or players) and their
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Table 1
Previous review papers.
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Previous Sectoral coverage Review scope
Reviews R , . .
Energy HSC  Other  Modeling Stakeholder Game Cooperation ~ Competition  Coopetition = Comment
methods dynamics theory
[54] * * * Investigate the system integration of
hydrogen
[55] * * * * * * Peer-to-peer multi-energy trading
[56] * * Maps supply chain coopetition.
[57] * * * * Microgrid clusters cooperation
[58] * * * * * Power systems
[59] * * * Competitive, cooperative, and strategic
interactions among different
stakeholders
[53] * * * * Social aspects. Importance of
cooperation
This review  * * * * * * * * Focus on HSCs, hydrogen technologies,
integrated energy systems, game
theory, and stakeholders’ dynamics
@ Who: What: o
Stakeholders ‘ Investigate H2CCC Dynamics
(institutional-technical) Where: / Strategies/ Behavior
Hydrogen / Energy
syste ms

LY S i L
( di ”' :

oopetition

Cooperation

How:
Exploring Game Theoretical Models

Need for upscaling low-carbontechnologies (Cooperative and Non-Cooperative)

Fig. 1. Proposed review of Hydrogen Competition, Cooperation, and Coopetition (H2CCC) dynamics. Icons: flaticon.com.

potential interactions. Each stakeholder brings different resources,
technologies, and interests to the table.

In game theory, competition and cooperation are mostly modeled as
non-cooperative and cooperative games. Solution concepts in game
theory are formal rules used by each game model to identify a set of
stable or desirable outcomes. Table 2 summarizes the most used: i) type
of game theoretical models; ii) game forms; and iii) solution concepts. In
a non-cooperative game (NCG) model, two or more players (here also
called stakeholders) with their potential set of decisions engage in
strategic interactions with other stakeholders such that the benefit
(payoff) received by each stakeholder is dependent on the decision(s) or
action(s) taken by all other stakeholders [63]. NCGs can appear in
several forms (Table 2, Fig. 2).

Normal form games are represented by a bimatrix (for two players
with finite action sets), or a multi-dimensional array (for more than two
players), that consists of the configurations (vectors) of players’ payoffs
for all possible combinations (profiles) of players’ actions (moves). From
Fig. 2, P1 and P2 are players 1 and 2, respectively. Each player has two
actions (pure strategies): comply or defect. The numbers in each cell
represent the payoffs of the row and column player, respectively. For
instance, if player one complies, and player 2 defects, player 1 gets

0 payoff, but player 2 gets a payoff of 5.

The extensive form game is a sequential move game with two or
more players, e.g., on the right in Fig. 2 a two-player extensive form is
presented. The game starts at the top node, labelled as 1. Player 1 has
three possible actions to choose from (action A, B, or C). If player 1
chooses action A or B, the game moves to the next node where player 2
gets to play. If player 1 plays A, the game reaches the second node,
where player 2 has two actions. Action [, leads to an outcome with
payoffs (4, 1) while action r, leads to an outcome with payoffs (7, 2).
Similarly, if player 1 plays B and then player 2 chooses action [l or r, and
the game stops with payoffs (6, 3) or (4, 0), respectively. If player 1
chooses action C, the game moves to a node where the player with the
next move is chosen according to a known random distribution. With
probability 1/4, player 2 can choose action L or R, then the game stops
with payoffs (0, 0) or (8, 4), respectively. With probability 3/4, however,
player 1 moves again and terminates the game with payoffs (8, 8) or (0,
8), in case action a or b is chosen, respectively. In general, these
sequential moves continue until a last node is reached, where the payoffs
are achieved.

How a player’s behavior evolves over time can be modeled based on
evolutionary game theory [68]. Repeated games consist of a one-shot
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Table 2
Game theoretical models, forms and solution concepts.

I. Non-cooperative game theory (NCGT)

a) Game types Key features/concepts

Normal form Represented by a bimatrix (for two players with finite
action sets), or a multi-dimensional array (for more than
two players), that consists of the vectors of players’ payoffs
for all possible profiles of players’ actions (moves) [40,64].
Sequential move game with two or more players that
continue until the last node, where the payoffs are
achieved [62,64].

Captures long-term strategic adjustments to understand
the evolution of players behaviors and strategies [27].
Relaxes the assumption that players are rational.

A one-shot stage game played multiple times by the same
set of players. Players observe the outcomes of previous
rounds and adjust their strategies based on the history of
the moves observed in previous rounds [62].

Extensive form

Evolutionary

Repeated

Special types:

Stackelberg Sequential move game where one player (leader) chooses

the first action after which the follower(s) make their own

choice based on the leader’s action [62]. Often modeled in

a hierarchical structure.

Cournot Model of oligopoly games where few firms simultaneously
compete on the quantity to produce a homogeneous
product [65].

Bertrand Model of oligopoly games where few firms simultaneously
compete by setting prices for identical products [66].
Auction Study bidder behavior and identify optimal strategies

across auction formats and information conditions [67].
Nash equilibrium is the main solution concept [41]. Others
include Bayesian Nash equilibrium, Sequential
equilibrium (for extensive games), Stackelberg
equilibrium (for Stackelberg games), MiniMax strategies
(for constant-sum games) [62,67], evolutionary stable
strategies (for evolutionary games) [68].

b) Solution concepts

II. Cooperative game theory (CGT)
a) Game types Key features/concepts

Transferable utility Utilities or benefits generated by a coalition can be
(TU) summed up in a single numerical value that can freely be

allocated among its members [67] without loss.

Utilities can be redistributed among members of a

coalition, but each member’s utility is personal and cannot

be compared and summed up in a single numerical value.

For each coalition, the set of jointly achievable utility

profiles describes the feasible outcomes [62].

Nash bargaining solution prescribes a division of the

surplus generated by cooperation that maximizes the

product of the players’ utility gains over the disagreement

values, the players can expect to receive if negotiations

break down [41,69].

Core, a set of payoff allocations such that no sub-coalition

has an incentive to break away from the grand coalition

[64].

Nucleolus [70], a unique allocation that lexicographically

minimizes the maximum dissatisfaction among all

coalitions over the payoff allocations [71].

Shapley value [72], allocates payoffs to each player based

on their marginal contribution to all possible coalitions

[73].

Gately value [74], is the Pareto-efficient compromise

between a pessimistic and an optimistic payoff allocation.

It minimizes the maximum relative disruption an

individual player can cause by exiting from an agreement

[4].

Kernel [75] is a set of allocations where bargaining power

of players is balanced between pairs so that neither player

can convincingly argue for more payoff transferred from

the other player [76].

III. Mixed (Biform) Games

a) Biform game Hybrid noncooperative-cooperative game model designed
to formalize business strategy for situations with both
competitive and cooperative elements. It has a two-stage
structure: the first (noncooperative) stage models the
competitive strategic moves to favorably shape the second
(cooperative) stage where the payoffs are determined in
the resulting environment [77].

Non-transferable
utility (NTU)

b) Solution concepts
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stage game played multiple times by the same set of players [62]. Some
special types of non-cooperative games are Stackelberg, Cournot, Ber-
trand oligopoly games, and auction games which explore concepts in
game theory and industrial organization (Table 2). The aim of every
game model is to predict or prescribe how a game will be played. More
details about concepts and classification of NCGT can be found in
Ref. [62].

In cooperative game theory (CGT), the fundamental units of analysis
are the coalitions, that is, subsets of players who agree to cooperate to
achieve a common goal. The game is typically defined as a characteristic
function that assigns a value (measured on a monetary or utility scale) to
every possible coalition. This value represents the total or synergistic
benefits. CGT focuses on feasible coalitions to analyze the stability and
dynamics of the coalition formation process. Typically, the grand coa-
lition consisting of all players is (or assumed to be) formed, and the
generated total benefit is to be distributed among the members in a “fair
and stable manner” (reasonable and resistant to deviations by subgroups
of players). The general assumption is that a binding agreement exists
among the players within the coalition. It is also assumed that a perfectly
divisible commodity exists that can be used to freely exchange the in-
dividual utilities among the coalition members if compensation is
needed to support the agreement on the coordinated actions. Special
types of cooperative games are transferable utility (TU) games where all
individual utility scales have the same measurement unit. Without this
condition on the uniform exchange rates, the cooperative game is called
a non-transferable utility (NTU) game. The main solution concepts are
listed in Table 2. Additional details about the key definitions and results
can be found in Refs. [62,65,67].

Finally, for coopetition [47], the biform games can be used [77]. A
review by Ref. [78] outlines the developments of the biform game model
and its applications. It is important to highlight that the use of an NCGT
model does not mean antagonistic competition modeling (some coop-
erative aspects could be present even in NCGT models and solutions).
Similarly, representing cooperation is not the same as forming CGT
models [62].

2.2. HSCs and integrated energy systems (IES)

Although hydrogen is the most abundant element in the universe, it
is rarely available in its pure form on Earth. HSCs are complex networks
of processes and infrastructure that generally include energy source,
production, storage, distribution, and market sector [3] (Fig. 3). The
scale-up of low-carbon HSCs is not a trivial task due to the large number
of interdependencies among resources and market uncertainty [79,80].
Hydrogen can be produced from various energy sources through water
electrolysis, gasification, steam methane reforming (with or without
carbon capture and storage -CCS-, etc.) [Fig. 3a, b]. Hydrogen can be
conditioned in various forms (gas, liquid, and even solid (metal hy-
drides), then be used, stored, or transported through various means
(pipelines, tube trailers, tanker trucks, ships) to various storage centers
or refueling stations. It can be used in industrial, mobility, and resi-
dential applications [7]. Hydrogen derivatives (e.g., e-methanol,
e-methane, and e-ammonia) can also be used to “facilitate” its
distribution.

Hydrogen products can be categorized into three main types based
on their final use [Fig. 3c]: Hy feedstock, Hy fuel, and Hy technology/
component [7]. As a feedstock, hydrogen can be used in hard-to-abate
sectors such as the refinery, chemical, and ammonia industries (am-
monia’s most common use is in fertilizers [81]). As a substitute for
fossil-derived products, it can be used to produce synthetic fuels,
ammonia, and other chemicals [82]. As fuel, hydrogen can be used for
heating, cooking, and electricity generation. Also, as fuel, hydrogen has
the potential to play a significant role in the mobility sector, being used
in fuel cell electric vehicles (FCEVs) [83]. It is also expected to play a
substantial role in internal combustion engines (heavy-duty cars, rails,
maritime, and aviation) [84]. Hydrogen technologies such as
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Normal form (Bi matrix) game

P2: Comply P2: Defect
P1: Comply 3.3) 0.5)
P1: Defect (5.0) (1.1)
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Extensive form (Tree) game

Chance

Fig. 2. Games in Normal and Extensive forms (P: player)
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Fig. 3. Hydrogen Supply Chain generics. Adapted from [7].
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electrolysis, fuel cells, hydrogen refueling stations (HRS), hydrogen
vehicles, etc., are recognized as hydrogen technological products
[Fig. 3c].

IESs can include different energy sources, the grid, and various
storage means to increase operational flexibility [85]. HSCs can serve as
a link between renewable energy sources (RES), energy storage systems,
and end-use applications. HSCs interact with energy systems in ways
that enhance overall IES performance since hydrogen acts as an energy
carrier that can be produced from various sources [19,86]. Production of
hydrogen via electrolysis allows for the storage and integration of RES
into the energy system, and its long storage capabilities complement
short-term storage solutions like batteries and balance seasonal varia-
tions in energy demand and supply [87]. Similarly, the integration of
hydrogen into multiple energy systems allows for judicious use of
existing infrastructure and enables sectoral energy flows [88].

As previously introduced, in HSCs and IESs, stakeholders can be
categorized as institutional stakeholders or technological/infrastructure
ones [79,89,90], and their roles and interests are described in Ref. [4].
The need for collaboration among companies, institutions, and neigh-
boring countries has been highlighted in Ref. [91]. Technological
stakeholders can be represented by all the technologies from the HSC or
IES, as presented in (Fig. 3). Stakeholder interests within energy systems
often differ and evolve rapidly. This study aims to investigate H2CCC
dynamics to identify how strategic interactions of stakeholders in
hydrogen systems are incorporated into game-theoretical models
(Fig. 1). To this end, the methodology is presented in the following
section.

3. Methodology

A hybrid systematic literature review is proposed, combining
PRISMA guidelines [92] with bibliometric, and structured approaches
[60]. Three review stages are distinguished (Table 3): 1) PRISMA, 2)
Hybrid Review, and 3) Results and Discussion.

Table 3
Methodological phases.

Phases Content

1. PRISMA

Research topic e Competition, Cooperation, and Coopetition in the
Deployment of the Hydrogen Supply Chain using Game
Theory

Objectives e Analyze how game theory is used to study H2CCC

o Identify the general trends, insights and focus areas for
H2CCC
e List research gaps, and propose future research avenues

Keywords e Hydrogen (H,) + competition, cooperation, coopetition,
game theory

String e (“hydrogen” AND “game theory™”) OR (“hydrogen energy”
AND “game theory”) OR (“hydrogen” AND “game”) OR
(“hydrogen economy” AND “game theory™) OR (“hydrogen
supply chain” AND “game theory”) OR (“hydrogen energy”
AND “competition”) OR (“hydrogen energy” AND
“cooperation”) OR (“hydrogen energy” AND “coopetition™)

Databases e Scopus and Web of Science

2. Hybrid Literature Review

a) Bibliometric Review

Bibliometric e Topic identification by using VOSviewer software
maps
b) Structured Review
Review matrix e Created Excel table to summarize and synthesize all articles
table o Refined themes and categorizations
e Coded “researchers keywords” from the summarization and
categorization

e Created final maps based on the researcher keywords

3. Results and discussions

e Discussion of main topics
e Gaps and perspectives
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In the PRISMA stage, the topic and research questions are defined
allowing the identification of relevant keywords used in Scopus and Web
of Science (Table 3). The flow diagram displays the identification
criteria, the screening criteria, and the inclusion criteria (Fig. 4).
Research articles strictly on hydrogen (Hj), cooperation, competition,
coopetition, and game theory were collected and analyzed (final string is
listed in Table 3). Articles from this query retrieved relevant game-
theoretical papers for further categorization. The literature search was
carried out in February 2025, with no limit to the time range. Data was
collected and saved in Excel CSV format. The search across Scopus
database resulted in 789 records while Web of Science resulted in 591
records. The combination of the two databases accumulated 1380 arti-
cles (Fig. 4). After the screening phase, 180 articles were retained for
bibliometric analysis and 87 articles for structured review.

In the Hybrid Literature Review stage, the starting point was the Bib-
liometric Review. The 180 articles were mapped based on title, abstract,
and keywords analysis using VOS viewer [93] to identify the general
topics (Section 4.1). As a next step, an expert-based approach was
employed to screen and validate the applicability of the papers. Two
researchers independently analyzed titles, abstracts, and keywords,
discussing ambiguous cases to reduce bias. This process narrowed the set
from 180 to 87 papers. The common criterion applied was that the pa-
per’s focus addressed H2CCC and game theory. For the Structured Re-
view, an Excel review matrix was developed to summarize and
synthesize the 87 papers selected (see Fig. 4). Categories or filters used
for the structures are defined in Section 2 and summarized in Section
4.2. At this step, all authors revise the review matrix for validity and
reliability reasons. Based on the review matrix, “researcher keywords”
(proposed by the authors to group synonyms and similar words from the
original papers) are used to create a Sankey diagram for the structured
review and to develop the full analysis (Section 4.2). In Section 5
(detailed results), the three research questions are addressed based on
the findings from the structured review phase.

4. Consolidated results
4.1. Topic mapping from the bibliometric literature review

The initial map from the sample of the screened 180 papers is pre-
sented in Fig. 5. In terms of general mathematical approaches, “opti-
mization”, “game theory” and “evolutionary game theory” have a
similar presence. For NCGT, “Stackelberg games” and “Nash equilib-
rium” are also present while for cooperative games, “Nash bargaining” is
the main solution concept applied. The main phrases for system or
technologies are “integrated energy systems”, “RES - renewable energy
sources”, “hydrogen storage”, “energy storage”, “fuel cells”, “fuel cell
electric vehicles”, “CCS”. Some of the papers explore “policy”, “pricing”,
“innovation” and “energy management” topics. With this initial map,
however, it is not possible to conclude which are the main H2CCC ap-
proaches treated in the literature. To better understand the dataset re-
sults, these initial outcomes are developed further and compared to the
results of the structured literature review.

4.2. Structured literature review: overall results

A total of 87 articles were deeply analyzed; all the papers include
game-theoretical models. The structure for the analysis consists of
several categories or filters (identified and defined in Section 2),
including methodological aspects: 1) the Approach (Cooperation,
Competition, Coopetition); 2) the Game Theory (GT) type (i.e. CGT,
NCGT or mixed); 3) GT Model outlining the theoretical foundation and
structural framework used (e.g., NTU, Evolutionary game, Normal form,
Extensive form, etc.); 4) the GT Solution concepts (e.g., Nash equilibrium,
Nash bargaining solution, Stackelberg equilibrium, Shapley value, etc.).
Additional methodologies that complement the game theory aspects in
the state of the art, like optimization, are also identified. The
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Fig. 4. Database Search and Appraisal based on PRISMA guidelines

categorization also includes aspects of case studies, i.e., 5) the Scale of
the study (IES, HSC, Hj technology); 6) the Technologies involved, of-
fering clarity on the scope and technical components; 7) the Application
sector (Mobility, Industry, Residencial or Several); 8) the Country for the
case study (when available); the authors propose 9) the Researcher
keywords to summarize the core themes and topics addressed in the
paper by using the predefined codes to develop the final Sankey diagram
(Fig. 6); and finally, 10) the Focus of the paper, which highlights the
specific aims of the articles. In Table 4, the results for categories 1-8 are
summarized, highlighting the trends.

Table 4, Figs. 6 and 7 allow the identification of cross-cutting issues,
which are briefly explained in this section, while details for each H2CCC
strategy are provided in Section 5. Cooperation approaches are slightly
more prevalent than the competition ones (43 % vs 40 %) while coo-
petition (as defined in the hypothesis) is the least addressed (17 %).

Fig. 6 shows that NCGT (64 %) is more used than CGT (28 %) or
mixed games (5 %); Nash equilibrium (21 %), ESS (20 %), Stackelberg
(18 %), are applied to the three H2CCC dynamics, and are followed by
solution concepts from CTG like Nash bargaining (14 %) and Shapley
value (9 %). Other CGT solution concepts are less frequent, and biform
games are not used. For each H2CCC strategy, solution concepts are

listed in Table 4 and displayed in Fig. 7(a—c, e). In terms of applicability,
studies using NCGT solution concepts (Nash equilibrium, Stackelberg,
etc.) value tractability and stability, often defaulting to Nash equilibria
(a stability arrangement against individual deviations). In cases where
H; technology adoption and demand uncertainty are being addressed,
the Bayesian game is applied. Similarly, the ESS is used when bounded
rationality and adaptive learning is crucial. On the other hand, Shapley
value and the Core are frequently applied in cooperative game problems
due to its perceived fairness and axiomatic properties (rationality,
symmetry, additivity, divisibility, etc.) in allocating costs/benefits and
coalition stability across coalition members. Nucleolus and Gately,
which yield different equity or stability outcome solves the convenience
model bias in model construction. The Kernel solution concept has
largely been ignored, probably due to its computational complexity and
applicability. Biform games are not used so far. In cases where hydrogen
infrastructure projects involve heterogeneous actors with asymmetric
bargaining power, the Nash bargaining game is applied. Notwith-
standing, while each model and solution concept may resolve theoretical
limitations, none fully captures the complex realities of HSC deploy-
ment. It is worth noting that the choice of game model and its solution
concepts is case specific. Therefore, it is not possible to provide a general
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Table 4

H2CCC dynamics - key insights and trends.
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Aspects/Shares

Approach
Competition Cooperation Coopetition
40 % 43 % 17 %

Game theory type, model,
solution concepts

Scale and key sector

Top 7 technological
stakeholders (in
alphabetic order)

Decision structures

Mainly NCGT: Evolutionary games (28 %),
Stackelberg (28 %), and Nash equilibrium
(23 %)

H, technol. (54 %)

o Mobility (58 %)

o Several applications (42 %)

IES (26 %)

e Several applications (100 %)

HSC (20 %)

o Several applications (86 %)

o Mobility (14 %)

—

N

w

1 FCEV (26 %)

2 HRS (13 %)

3 Microgrid (10 %)

4 Fuel cell (8 %)

5 CCS (5 %)

6 H, production (5 %)

7 Battery (3 %)

Other (30 %)

Hierarchical interactions and dynamic

Mainly CGT with NTU (Nash bargaining — 32 %) and
TU (Shapley — 22 %). For NCGT, evolutionary games
(ESS - 13 %)

1 IES (49 %)

o Industry (67 %)

e Several applications (28 %)

o Mobility (6 %)

HSC (30 %)

e Industry (45 %)

e Several applications (36 %)

o Mobility (18 %)

H, technologies (22 %)

o Mobility (50 %)

o Industry (25 %)

e Several applications (25 %)

P2P - heat, elect. (18 %)

RES (15 %)

H2 storage (9 %)

H2 production (7 %)

CCS (4 %)

FCEV (4 %)

H, transportation (4 %)

Other (39 %)

Coalition formation of rational decision makers

N

w

NO s W=

Mainly NCGT with Nash equilibrium (53 %),
Stackelberg (13 %), ESS (13 %). For CGT: Fuzzy
Shapley (7 %)

1 IES (47 %)

o Industry (43 %)

o Several applications (43 %)

e Mobility (14 %)

H, technologies (33 %)

e Mobility (100 %)

HSC (20 %)

o Industry (67 %)

o Mobility (33 %)

N

w

1 RES (21 %)

2 Battery (11 %)

3 H2 storage (8 %)

4 FCEV (8 %)

5 HRS (8 %)

6 H, production (5 %)

7 Fuel cell (5 %)

Other (34 %)

Hierarchical interactions and dynamic strategy

strategy adaptation

Often used: Optimization models
Geographic and Policy
coverage subsidies and carbon pricing

Mostly global with regional focus on China and some European countries. Policies are modeled via

adaptation and coalition formation

Mostly global with regional focus on China

recommendation on which model to use. Rather, it is the modeler’s task
to select the most appropriate model based on the characteristics and
structure of the case study, the strategy (H2CCC), the research questions,
and the properties of the game model. Multidisciplinary collaboration is
highly recommended in these efforts.

Scale and key sectors also vary for each H2CCC strategy (Table 4 and
Fig. 7b—d, f). The IES scale is the most used one for cooperation (49 %)
and coopetition (47 %) while for competition the Hy technologies (54 %)
are more frequent. HSCs scale could be further explored. The main
trends and technological stakeholders in the case studies for each
strategy are presented in Table 4, and the corresponding maps are
available in the Supplementary Material. A summary is provided below.

e Competition trends:
o 1) H, technologies — mobility focus (58 %); several applications
(42 %).
o 2) IES — several applications (100 %)
o Stakeholders: FCEV (26 %), HRS (13 %), Microgrid (10 %), Fuel
cell (8 %).
e Cooperation trends:
o 1) IES — Industry (67 %)
0 2) HSC — Industry (45 %)
o Stakeholders: power to power technologies, including heating and
electricity (18 %), RES (15 %) and Hj storage (9 %).
e Coopetition trends:
o 1) IES — Industry (43 %)
o 2) Hj technologies — mobility focus (100 %)
o Stakeholders: RES (21 %), Batteries (11 %) and Hj storage (8 %).

Geographically, Chinese research and academic institutions lead the
research landscape in game theoretical models related to energy or
hydrogen technologies and systems (55 %). Green innovation, now
central to China’s energy reform, drives energy transition projects and
research [94]. Europe has also some contributions focusing mainly on
renewable hydrogen and policy-driven innovations (6 %). Finally, 26 %

of the studies do not report a country.

5. Hydrogen competition, cooperation and coopetition
dynamics

Detail results for H2CCC dynamics are presented in this section. The
other concepts presented in Fig. 6 are discussed in detail for Competi-
tion, Cooperation, and Coopetition in Sections 5.1-3.

5.1. Competition

Businesses are inherently competitive. As displayed in Fig. 6, around
40 % of the papers employed competitive strategies and almost all of
them use NCGT. Within the NCGT type, most of the studies employed
normal, extensive and special form games. The main solution concepts
are (Fig. 7a): evolutionary games (28 %), Stackelberg (28 %) and Nash
equilibrium (23 %). Cournot (6 %), Auction (3 %), Bayesian (3 %) and
MinMax (3 %) are less used. NCGT is very often coupled with optimi-
zation models. Many of the studies (91 %) utilize theoretical and
simulation-based approaches in modeling competition while a few (9 %)
employ hypothetical case studies with partial empirical data.

5.1.1. Game type used

Evolutionary game theory (and ESS) has been applied to model the
diffusion of hydrogen-related technologies and to simulate how stake-
holders (local governments, consumers, and manufacturers) [95]
respond to subsidies, carbon trading and taxes over time. Unlike the
classical NCGT models, evolutionary games model accounts for the dy-
namic evolution of strategies often driven by payoff performance and
behavior adaptation over time [65]. The work of [96] employed ESS to
explore the competitiveness of hydrogen technology in air transport
considering factors such as policy interventions, market dynamics, and
movement impacts. Evolutionary dynamics reflect policy robustness
[97] by analyzing subsidy impacts, adoption rates and infrastructural
development to determine whether policies met promotion targets in
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Fig. 7. Game theoretical solution concepts (left) and type of case studies (right) in H2CCC. (* is used when NCGT solution concepts are used in cooperation or

coopetition).

promoting FCEV [98]. Similarly [99,1001, applied ESS to investigate the
interactions between local government and coal-fired power plants op-
erators over the adoption and dissemination of CCS technologies. The
evolutionary nature of this model enables policy makers to speculate on
future deviations in policy outcomes. Tripartite evolutionary game
theory extends the main concepts of evolutionary games to scenarios
involving three distinct interacting populations. The papers [98,101],
show this by simulating interactions among three stakeholders (gov-
ernment, private investors, and consumers) to highlight the difficulties
in aligning heterogeneous interests to achieve shared objectives such as
emission reduction and FCEV deployment. Although studies utilizing
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evolutionary game theory is mostly centered on policy, the works of
[102,103] investigate micro-level decision in energy storage and fuel
cell durability efficiency improvements, while [96,104] prove that
evolutionary game theory is instrumental in evaluating how market
actors adjust strategies in response to shifting regulatory landscapes,
energy prices, and social influence over time.

Stackelberg games are used to model hierarchical decision-making in
scenarios where the leaders optimize, e.g., pricing or investment while
the followers adapt their strategies accordingly [105], and Stackelberg
equilibrium is the main solution concept applied. For example, a bi-level
master slave game where the HRS agent acts as a leader by setting
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pricing strategies to optimize profits while the FCEVs operators act as
followers minimizing fuel costs is modeled in Ref. [104]. Stackelberg
game was used to identify strategic equilibria where electrolysis firms,
acting as leaders, engage in decision-making in energy, hydrogen, and
ancillary services markets [106]. This game has also been used to
analyze the strategic behavior of critical raw material exporters,
particularly platinum exporters, in light of the EU’s 2030 hydrogen
target [107]. The authors analyzed these asymmetric trade dynamics to
highlight how dominant exporters can shape market outcomes under
geopolitical conditions and economic interdependence. In microgrid
operations [108], utilized Stackelberg games to develop energy man-
agement strategies under islanding constraints and hybrid energy stor-
age. Similarly [109], used this same model to analyze microgrid clusters
under dynamic hydrogen pricing and demand-side uncertainties by
integrating user behavioral responses to pricing signals. A multi-energy
ecosystem as has been modeled by Ref. [110] to optimize the operations
between IES and electricity-hydrogen hybrid charging stations. The
authors model IES as the leader optimizing supply under uncertainty
while the charging station adjusts demand accordingly. Regional inte-
grated hydrogen-electricity market [111], community energy systems
[75], and interactions between distributed energy systems and
hydrogen-powered vehicles [74] signify the suitability of Stackelberg
game models to cross sectoral systems.

Nash equilibrium has been widely applied to optimize strategies in
energy systems [113,114]. It has been used to analyze the equilibrium
state of supply-demand flow in a regional hydrogen market [115]. It has
also been used to explore system planning of hydrogen-gas-power [113]
and cluster optimization for IESs [114].

Beyond the models that have been discussed, recent contributions
have expanded the scope by incorporating special game types such as
auction theory and Cournot models. For instance Ref. [116], developed
a Stackelberg—Auction model by incorporating Vickrey—Clarke— Groves
(VCG) auction mechanism to model hierarchical decision making be-
tween shared energy storage systems (SESS) and microgrids (MGs). This
hybrid modeling captures SESS as the leader while the followers (MGs)
participate through auction bids. The study by Ref. [117] explores a
classic Cournot competition setting to analyze how hydrogen storage
influences equilibrium outcomes and investment incentives in elec-
tricity markets. Bayesian games which incorporate incomplete infor-
mation when modeling strategic interactions have been applied to
address informational asymmetries in mode selection and financing risk
estimation for energy automobile enterprises [118] and microgrid
planning [119]. The use of mixed-strategy Bayesian Nash equilibria
[118,119] aids these models in capturing the uncertainty surrounding
private belief and hidden strategies that are central in the hydrogen
economy.

5.1.2. Focus areas

In Fig. 7b, the scale and sectors are displayed. Competition papers
focus mainly on “Hj technologies” and the main specific sector is
mobility but most of the papers include several applications which is the
main sector when including also the “IES”. The special focus on the
mobility sector stems from the earnest desire to decarbonize transport
and the complex coordination challenges among automakers, energy
suppliers, and regulators. Within this sector, several studies centered on
HRS, particularly on hydrogen cars [103,118,120], HRSs [104,121,
122], energy management strategies for FCEVs [123], and hydrogen
technologies in air transport [96]. The dominance of this sector en-
courages fuel cell and refueling station players to compete to capture
market share, often through innovations in cost reduction, profit and
efficiency improvement strategies. This drives investments in Hj
mobility technologies leading to improvements in fuel cell durability in
hybrid electric vehicles and further exploration of hydrogen in the
aviation market (aircrafts). However, this can lead to fragmentation in
vehicle types, fuel cell designs and HRS infrastructure and services for
different Hy technologies within the HSC. The concentration of Hj
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mobility technologies in China and Europe with supportive policies and
incentives fragments the global market. These hinder H; scalability and
potentially slow down global Hy mobility technology diffusion, partic-
ularly in underdeveloped regions.

For “IESs” complex systems like microgrids and P2G are analyzed
and the final products can be used in several sectors. Several studies
mainly focused on profitability and economic viability tackling issues
ranging from pricing [11,105,112], profit maximization and cost
reduction [104,115], to market growth [107,111]. For instance,
Ref. [25] explored profitability of green hydrogen production while
[104] explored energy pricing of the HRSs highlighting how early
adopters can gain strategic advantage by lowering operational costs. For
IES [111], explored the energy management strategy for a regional in-
tegrated electricity-hydrogen market. In the industrial and residential
sectors, authors focused on integrated electricity-hydrogen markets
[110,111] and microgrid optimization [102,108,109,119]. Addition-
ally, the exploration of market dynamics and trading behavior of
hydrogen investors in a competitive market was also highlighted [101,
115]. A significant number of studies address the IES with the aim of
optimizing the multi-energy interactions within the electricity [110,
111], hydrogen, and thermal energy sources [101,113]. They do this by
developing robust flexible systems capable of managing demand-side
uncertainties.

Table 4 shows the main technological stakeholders in competitive
models. Some examples of technology investment on hydrogen pro-
duction and storage, and FCEVs are available in Refs. [84,103,124,125]
reflecting commitment to both upstream and downstream technologies.
Papers by Refs. [98,126] evaluated government regulations and subsidy
policies for FCEVs to assess the efficiency of government interventions in
promoting hydrogen technologies. A subset of literature centered on
sustainability and efficiency [103,120] of energy systems with special
emphasis on carbon emission reduction [85,86], energy security and
fuel cell durability [120,123] among many others.

5.2. Cooperation

Within the cooperative approach, 43 % of the studies used collabo-
rative approaches among stakeholders to benefit from win-win situa-
tions. Cooperation uses both CGT, NCGT and mixed models (Fig. 6).

5.2.1. Game type used

Within the CGT models, NTU game models dominate, with 32 % of
the papers employing the Nash bargaining model and solution concept
(Fig. 7c). In cooperative game theory, the Nash bargaining solution and
the Nash-Harsanyi solutions are used interchangeably in literature.
These models are widely used in contexts where utilities cannot be easily
transferred between players to balance cost, risk, and environmental
benefits in multi-agent energy systems [129,130]. Nash bargaining is
used for modeling negotiation processes between two or more players
aiming to reach a mutually beneficial agreement [62]. Nash bargaining
has proven to be effective in several case studies. It has been used to
model energy sharing among virtual power plants, load aggregators, and
energy storage operators [131] where stakeholders negotiate over sur-
plus distribution under individual rationality and Pareto efficiency
constraints. It has been applied to equitably allocate cooperation costs
and benefits among hydrogen-ammonia industrial systems in different
regions [82], to develop cooperative electricity-hydrogen trading model
[132], and to optimize the overall performance of the multiple agents
(wind, hydrogen, and heat systems) [130]. Similarly, it is used in
cooperative operation of a multi-park integrated energy system that
integrates hydrogen produced from electricity into existing natural gas
networks to enhance the integration of hydrogen energy into multi-park
energy system [132]. The distributed algorithm based on the alternating
direction method of multipliers (ADMM) has been the main computation
technique used to solve Nash bargaining game models [130,133] across
various hydrogen-related cases. The approach of [130,133] has also
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been used in Ref. [88] to examine low-carbon planning for IESs. The
simulation results show that Nash bargaining solutions significantly
improved the benefits for all participants. Some studies extend the Nash
framework to incorporate weighted bargaining formulations [88] to
allow for flexible modeling of power asymmetries, strategic preferences,
or stakeholder-specific utility functions. Both solutions have been used
to analyze 2-player [131], 3-player [129,134], 4-player [133], and
16-player [82] interactions among stakeholders to reduce cost, increase
renewable energy integration, and profit-cost sharing. The
Nash-Harsanyi solution has been used to design a hierarchical coordi-
nated energy management strategy for electricity-hydrogen integrated
charging stations and distribution system operators to address the un-
certainty of photovoltaic generation by designing a risk-aversion
robustness model [135].

Calculating the Nash bargaining solution is a complex optimization
problem (cf. e.g., Ref. [136]). This involves maximizing the product of
utility gains while ensuring Pareto efficiency within a constrained
feasible set. To tackle these challenges, various computational methods
have been developed, including direct, indirect, and distributed ap-
proaches. These methods often utilize advanced convex optimization or
approximation techniques, depending on the specific mathematical
properties of the utility functions involved.

The Nash bargaining solution has several desirable properties ([41,
69]), but it may not always align with certain natural expectations. To
address this, various alternative solutions for the cooperative Nash
bargaining model have been proposed and characterized through ax-
ioms [137]. Among these alternatives, the Raiffa-Kalai-Smorodinsky
solution, for example, appears to be more computationally manage-
able [138], yet it is completely ignored in the surveyed literature.

Under the TU models, coalition benefits (or costs) are assumed to be
transferable in one-to-one trade-off ratios among players [64]. A broad
array of studies involving TU game models mostly employed Shapley
value as a solution concept to provide equitable allocation schemes
grounded in axiomatic fairness, symmetry, and additivity principles
[62]. The Shapley value has been applied to coalition formation prob-
lems and benefit sharing in IES such as electricity-heat-hydrogen in-
frastructures [86,139,140], P2G and P2P trading [141,142], and
multi-microgrid systems [143]. In some of the studies, the coalition
value for the Shapley allocation comes from optimization [86,141].
Other studies employed more than one solution concepts to offer valu-
able insights in settings of unstable coalitions, strategic uncertainty, or
heterogeneous player capabilities. For instance Ref. [139], utilized a
combination of the Shapley value and the core solutions to examine cost
allocation and profit sharing among 3-player coalitions (electricity, gas,
heat and hydrogen). Similarly [144], developed a flexible energy supply
scheduling strategy for isolated islands using power-to-gas technology
by using the same solution concepts. The reliance on the Shapley value
has also limited the exploration of alternative solution concepts such as
the Gately value or the nucleolus. A recent paper provides a comparison
toolbox using the Shapley value, the Gately value, and the nucleolus in
lower-carbon HSC to identify stable and fair payoff distributions across
technological stakeholders within the HSCs (with critical resources) and
compares game theoretical allocation rules to naive ones to facilitate
comparison and decision making [4].

Just like the Nash bargaining solution is dominant for NTU models,
the Shapley value is the preferred single-valued solution for TU games in
the applications reviewed. However, scalability issues already emerge in
medium-sized scenarios (see, for example, [145]). The well-known
closed formula for calculating Shapley payoffs can be misleading;
while it only requires basic arithmetic operations, the number of oper-
ations needed increases exponentially as the number of agents grows.
This can quickly deplete computational resources or result in excessively
long processing times.

As displayed in Fig. 7c, NCGT models were also used to examine
cooperation among stakeholders (i.e., Evolutionary and Stackelberg).
Evolutionary games follow the “logic of the animal conflict” which sets
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the tone for evolutionarily stable strategies - ESS [68]. ESS has been used
to solve complex cooperative structures under uncertainty and vari-
ability. All the papers that employed evolutionary game theory in
modeling cooperation utilized a three-player evolutionary game anal-
ysis. For instance Refs. [146,147], apply ESS to simulate interactions
among three core agents (e.g., governments, private investors, and
consumers) highlighting the complexity of aligning heterogeneous in-
terests to achieve shared objectives like emission reduction or HRS
deployment. These models offer nuanced insights into the conditions
under which cooperation emerges or fails, particularly when incentives
are asymmetrical or when the agents operate under limited rationality
[148,149]. Stackelberg games have been used to examine cooperative
strategies in hierarchical decision-making structure to capture
leader-follower dynamics [150,151] in pricing, cost or profit-sharing
among coalition agents while others tackle uncertainties in IESs [152].
A mixed approach using Shapley value (cooperative) and Stackelberg
model (non-cooperative) is presented in Ref. [153] to analyze benefit
allocation mechanisms for hydrogen energy storage systems.

5.2.2. Focus areas

With regards to scale and sector, the cooperation approach is mostly
used in “IESs” with focus on industrial and several applications (Fig. 7d).
For industrial applications, studies focused on cooperative strategies to
promote sector coupling (e.g. power-to-ammonia) [82] and to enable
resource optimization [152]. Within this sector, efforts to replace the
high demand for fossil fuels with hydrogen in energy intensive industries
have been a key focus [88,131]. Carbon neutralization and environ-
mental sustainability have been a concern. For instance Ref. [127],
discusses the role of hydrogen in achieving significant reductions in
industrial carbon emissions to align with global decarbonization goals.
The study by Ref. [154] emphasizes that higher quality syngas with
better yield support efficient energy and hydrogen production, which is
essential for industrial fuel and chemical feedstocks. Cooperative stra-
tegies across multiple sectors emphasized the need for synergy between
hydrogen, electricity, and gas (mixing electrolytically produced
hydrogen with other gases) and IES to promote the utilization of
hydrogen energy in the industrial, commercial, and residential sectors
[132]. Studies have leveraged hydrogen energy as a viable carrier for
residential heating [155], energy storage [153], and power generation
[134], offering a sustainable alternative to traditional fossil fuels.
Another case of application is market design and system integration
developed in Refs. [86,116,132]. These studies highlight the role of
market mechanisms in facilitating cooperation among renewable energy
companies, storage providers, and power distribution entities. Policy
analysis has largely explored the impact of government policies and
technological advancement with special emphasis on photovoltaic
hydrogen production in promoting CCS [147]. The use of cooperative
models in “Hy technology” (mainly mobility applications) and “HSCs”
(mainly industrial applications) accounts for half of the reviewed papers
(Fig. 7d). The mobility sector cooperation plays a crucial role in
advancing HRSs [146] and FCEVs [151]. Studies have also emphasized
the need to develop risk management strategies [116,156] while
developing innovative technologies for hydrogen mobility to ensure
compatibility and interoperability across systems [157], and [11] pro-
posed a dynamic collaborative pricing strategy for managing refueling
demand of FCEV. A strand of literature discussed how stakeholders
collaborate in ensuring emission reduction (CCS) [88,131,147], profit
allocation and cost reduction strategies [129,132], risk management
and trading strategies [142,158] and policy analysis [146,147].

Most of the papers consider technological stakeholders. From the
total number of listed technologies, the top 7 are presented in Table 4.
Institutional stakeholders are presented in Ref. [146] that analyzed the
development of HRS to highlight strategic interactions among govern-
ment, investors, and operators.
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5.3. Coopetition

The initial hypothesis that there is limited empirical studies of coo-
petitive strategies in HSC modeling holds. Out of the 87 papers selected
for the systematic review, only 17 % followed the coopetition approach
(without explicitly naming it as such). Coopetition is a hybrid approach
to analyze multi-agent situations where cooperation and competition
are more-or-less equally important, in contrast to situations where either
the conflict in the individual interests or the jointly achievable common
benefit is the dominant feature. Although the standard game models and
their solutions capture both aspects to some extent, but neither the non-
cooperative nor the cooperative models formalize explicitly both the
conflict and the coherence in the agents’ interests. The biform game is
one of the first attempts to formally include both aspects in the model
itself, but it has not yet developed enough to become a kind of canonical
model of coopetition. NCGT was mostly used as displayed in Fig. 6; with
Nash equilibrium, ESS and Stackelberg, the main solution concepts
(Fig. 7e) applied in many of the studies.

5.3.1. Game type used

Although pure biform games have not been used to model coopeti-
tion, some studies applied mixed approach (i.e., CGT with NCGT models
or with optimization). Nash equilibrium has been used in Ref. [159]
which proposed a hybrid framework combining competition-coopera-
tion control with predictive modeling to optimize the lifetime perfor-
mance of fuel cell hybrid buses. The authors employ bi-level game
theory where manufacturers and operators compete to maximize their
respective objectives while cooperating to prolong fuel cell and battery
life. In a similar study [160], the Nash equilibrium and bi-level opti-
mization model are combined to solve energy supply challenges by
integrating solar, hydrogen, and battery storage systems in charging
stations. In this study, the first level employs Nash equilibrium for
non-cooperative demand-side management, while the second level uses
peer-to-peer energy trading strategies for cooperative operations. The
multi-layered Nash solution has been used alongside other optimization
models to analyze cooperative methodologies [161,162].

Evolutionary game involving three agents has been used to study
government regulations [126] and policy impact [163] on FCEVs in-
dustry over time. In these studies, three agents (government, FCEV en-
terprises, and technology enterprises) engage in strategic interactions.
Government is responsible for formulating and implementing subsidy
policies to promote FCEV adoption. FCEV enterprises are manufacturers
of FCEVs, and their strategies are influenced by subsidies and market
dynamics while technology enterprises provide technological in-
novations and support essential for FCEV development. Each stake-
holder selects strategies based on their payoffs which are influenced by
subsidies, research and development investments and technological
risks. The model assumes bounded rationality; as a result, stakeholders
adjust their strategies over time through learning and imitation, leading
to ESS.

Stackelberg and evolutionary games (NCGT) and the Shapley value
(CGT) are used to design an optimal business model for distributed HRS
system that considers both hierarchical and centralized approaches to
operate either individually or as a coalition to supply hydrogen [157].
Similarly [164], designed a single-leader multiple-followers Stackelberg
game with an iterative solution algorithm to capture the interactions
between a hydrogen auctioneer and several HRSs.

An international study developed a framework to analyze strategic
interactions between the US and a group of countries adhering to the
COP21 Paris agreement to address global policy challenges [165]. The
authors blend the Cournot game and the Nash equilibrium solution to
model a somewhat coopetitive bargaining process where stakeholders
negotiate emission reduction targets. The asymmetric model assumes
that the players have different market power and production capacity
and thus, can influence market prices more significantly, forcing the
other player to adapt its strategy accordingly. Similarly [166], used the
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same model framework (Cournot and Nash equilibrium) to investigate
competition and alliances in fuel-cell powertrain development. The
auction model has been used to address competitive dynamics while
promoting efficient resource management. For instance Ref. [167],
designed an auction model for a group of buyers and sellers (electric
transaction manager, electric response agents, and industrial users). The
model focuses on the demand response trade considering cost and
benefit allocation among the stakeholders.

5.3.2. Focus areas

Similar to the cooperation approach, with regards to scale and
sector, the coopetitive approach is mostly used in “IESs” with focus on
industrial and several applications (Fig. 7f). The need to enhance reli-
ability and efficiency in energy management and decentralized systems
are crucial in coopetitive studies. In the paper [162], the authors
examined energy management and control in autonomous
poly-generation microgrids while [159] investigated degradation
adaptive energy management for fuel cell hybrid buses. This study ad-
dresses fuel cell and battery performance while maximizing hydrogen
efficiency. Other studies have explored RES integration [124,161,168]
to address energy supply changes and social welfare maximization.
Coopetitive studies have also addressed intermittency [79] and vari-
ability [169] in IESs.

For coopetition in “Hjy technologies”, mobility applications are very
relevant. For “HSC” and coopetitive studies focus first on the industrial
sector followed by mobility. The industrial sector is represented in areas
such as eco-industrial parks [161], and multi-energy hubs [167,169]
where stakeholders within the energy system both compete in the
market and share carbon reduction goals. Within the mobility sector,
studies explored fuel cell hybrid bus [159], FCEV market growth [170],
and HRS [157]. For the studies spanning across several sectors, envi-
ronmental sustainability and climate change [165], as well as micro-
grids were well addressed. The role of government regulations
(penalties, subsidies), and infrastructure investment in FCEVs industry
development and carbon neutrality has also been explored [126].

5.4. Policy implications for H2CCC strategy

Studies on green and blue Hy by Ref. [97], energy storage by
Ref. [95], and CCS in coal-to-hydrogen production in the works of [100]
consistently emphasize competition as a policy challenge that requires
carefully balanced incentives. Under tradable green certificate by
Ref. [101] for instance, competition between renewable and thermal
power plants shapes trading behavior, with market efficiency hinging on
certificate prices and regulation quotas. In a similar study by Ref. [128],
technology substitution was conditioned on the competitiveness be-
tween fuel cell and battery forklifts under discounted surplus electricity.

From policy perspective, static subsidies fail to account for dynamic
efficiency, as witnessed in the works of [97] where blue hydrogen
remained attractive even under green hydrogen subsidies due to carbon
market interactions. Studies under competition further highlight the risk
of technology lock-in if incentives disproportionally favor one pathway
and advocate for adaptive policy frameworks linked to carbon prices if
policies are to keep pace with rapid technological improvements and
cost reductions.

In contrast, cooperation emphasizes the need for interdependence in
early infrastructure development and technology diffusion. A study by
Ref. [146] demonstrates this by showing that cooperation among public
sector, private investors and consumers in HRS diffusion is crucial for
overcoming the chicken-or-egg problem. The work of [149] affirms this
highlighting that cooperation between coal-to-hydrogen firms and oil
fields players in CCS deployment is hampered by asymmetric
risk-sharing, often requiring carefully designed subsidies to incentivize
collaboration. From these, it is clear that willingness to cooperate is as
important as financial incentives just as it is found in the study of [146]
that boosting initial probabilities to cooperate is often more effective
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compared to subsidy provision, highlighting the role of trust-building,
regulation enforcement, and long-term contractual mechanisms in pol-
icy design.

Perhaps, the most compelling set of findings on policy studies emerge
from a study adopting coopetition. Tuofu et al. [163] analyze China’s
“Replace Subsidy with Awards” mechanism for FCEVs and suggest that
central and local governments may diverge in incentives. According to
the authors, central regulators aim for technological upgrading, while
the local authorities prioritize industrial competitiveness, forcing en-
terprises to simultaneously cooperate with policymakers while
competing for market share. This mirrors broader multi-level gover-
nance challenges in hydrogen policy where coopetition highlights the
dual role of markets, thus, encouraging competition through innovation
and cooperation through standardization, infrastructure alignment and
social acceptance.

In terms of market relevance, competition is pronounced at tech-
nology readiness levels, suggesting that competition dominates in mid-

Table 5
H2CCC gaps and perspectives.
Strategy Research gaps Perspectives
All 1 Empirical case studies are 1 Real case studies to be

rare developed

2 HSC approach can be 2 Systems approach can be
further explored used [38,39]

3 Investigate H2CCC 3 Multi-period, ESS and
tensions overtime repeated games [62]

4 Investigate geographical application
impact: currently Chinese 4 New policy environments
cases (55 %) or can be considered.
unreported (26 %) 5 Game theoretic models, like

5 Explore modeling other types of symbolic
transferability to other models using mathematical
regions or case studies formalism, are abstract in

6 Improve and refine game nature. Applying them to the
theory modeling and analysis of particular
reporting situations or systems is

7 Model new roadmaps rather a matter of
priorities using H2CCC knowledge, expertise,
with game theory research interest, and

8 Cooperation may fail in financial support than of
practice, as behavioral, geographic location.
trust, and negotiation 6 Multidisciplinary team with
dynamics are rarely a game theory expert is
modeled recommended

9 H2CCC properties can be 7 E.g., hard-to-abate sectors,
further discussed hydrogen ports, regional al-

10 Policy implications are liances, or the use of critical
missing in many papers raw materials
11 Results reporting can be 8 Try new methodologies to

improved and policy model H2CCC (e.g., agent-
makers can be involved based simulation [37])

9 Fairness, stability and
satisfaction [4,171] can be
analyzed

10 Include formal
representations of regulatory
mechanism and policy
representation [94,147,
163].

11 Improve results reporting to
facilitate analysis and
decision making

Coopetition 1 Lack of pure coopetitive 1 Biform games [77] can be
specific approaches used
Cooperation 1 Mobility sector is less 1 Mobility market research
specific treated development
2 Gately value or Nucleolus 2 Can be compared to other
are underexplored solution concepts if applicable
3 Scalability and [4].
computational tractability 3 Raiffa-Kalai-Smorodinsky
limitations solution can be tried [138] for

bargaining solutions
comparison
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stage commercialization, cooperation is crucial in early pre-
commercialization diffusion and coopetition in mid-to-late stage
ecosystem integration. Aligning policy instruments with these stages can
accelerate faster development of sustainable HSCs.

6. Research gaps, perspectives and limitations

Gaps and perspectives are listed in Table 5.

As with all types of literature reviews, this study has some limita-
tions. A potential limitation of this review lies in the search query
(Table 3). Some relevant papers addressing competition, cooperation,
and coopetition from game theoretical lenses may not have been
retrieved due to the refinement of the query. Other papers may have
been missed out if they were not included in the title, abstract, or
keywords.

The analysis represents the authors’ perspective. To mitigate po-
tential bias in the H2CCC categorization, experts with backgrounds in
game theory and HSC performed the categorization task, aiming for a
more balanced and improved review. In this sense, the titles, abstracts,
and keywords of the selected documents were analyzed for applicability
to ensure that the papers fell within the scope of H2CCC dynamics.
However, this review does not include a formal assessment of the
quality, rigor, or replicability of the studies considered. Future research
could benefit from incorporating quality appraisal criteria to reduce
bias. Despite these challenges, this review article attempts to generate a
reliable identification of the current status and gaps in research related
to the H2CCC economy.

7. Conclusions

This review paper summarizes studies that employed game theory to
analyze competition, cooperation, and coopetition in hydrogen and
energy systems. Identification, categorization, and analysis were carried
out using a hybrid literature review with the PRISMA framework to
develop both bibliometric (180 articles) and structured reviews (87
articles).

Game-theoretical models from Non-Cooperative Game Theory
(NCGT) are among the most widely used in literature. They are applied
not only to competitive scenarios but also to cooperative and coopetitive
dynamics within hydrogen supply chains (HSCs) and integrated energy
systems (IESs). The cooperative approach emerges as the most
frequently explored, appearing in 43 % of the papers (using both NCGT
and CGT). Competitive dynamics receive slightly less attention (40 %),
despite their significant role in real-world economic systems. Many
models exploring competition combine optimization and game theory in
several ways, e.g., multi-level solutions strategy. Coopetition is the least
examined (17 %). It is, however, important to highlight that several
models could offer a more explicit explanation and details about the
game theoretical formulations to be able to replicate the results.

Most of the IESs case studies use hydrogen technologies as stake-
holders due to the need for renewable energy storage, energy decar-
bonization, and energy system flexibility. The HSCs mainly involve the
analysis of technological stakeholders (energy sources, production, etc.).
The HSC scale can be applied more extensively to analyze H2CCC dy-
namics. Users, countries, organizations and other institutional stake-
holders could be studied more in game-theoretical models. Only a
limited number of studies address topics such as policy and geopolitics.
Furthermore, factors like trust, fairness, attitudes, behavior, and pref-
erences require deeper investigation to better understand their influence
on decision-making processes. Empirical case studies on H2CCC are
scarce.

The policy and regulatory environment can have an important role in
the promotion of cooperative or competitive dynamics. A realistic
feature for some models has been the consideration of evolutionary or
dynamic behaviors around cooperation or competition using evolu-
tionary games but more efforts are needed. Developing multi-period
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game-theoretical models that studies early-stage cooperation followed
by competition might offer a broader insight into the strategic behaviors
influencing the upscaling of hydrogen technologies. The hierarchical
aspects are also critical in decision making. Stackelberg games and
evolutionary games (NCGT) were mostly applied to reflect the impact of
hierarchical decision-making structures and the dynamic learning en-
vironments, respectively. More research can be developed to include
hierarchical and critical resources aspects in coalitions (CGT).

Industrial and mobility sectors are present in H2CCC dynamics
emphasizing hydrogen’s critical role in both sectors. Coordinated in-
vestment and continuous innovation to support scalable hydrogen
deployment are underlined in the articles. The analysis of competition
and cooperation has shown to be both contrasting and interconnected,
collectively shaping the evolution of the hydrogen economy. Coopeti-
tion, as an emerging concept, offers a strategic pathway for balancing
these two approaches, enabling stakeholders to pursue shared objectives
while maintaining healthy market rivalry in other domains. Pure coo-
petitive games have not yet been applied to investigate H2CCC dy-
namics. Gaining a better understanding could enable more refined
game-theoretical modeling aimed at enhancing the efficiency, sustain-
ability, stability and resilience of future energy systems.

Declaration of competing interest

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests:
Sofia De-Leon Almaraz reports financial support was provided by Na-
tional Research, Development, and Innovation Fund of Hungary (grant
OTKA FK 146575). Tamas Solymosi reports financial support was pro-
vided by National Research, Development, and Innovation Fund of
Hungary (OTKA K 146649). Emmanuel Kwesi Arthur reports financial
support was provided by National Research, Development, and Inno-
vation Fund of Hungary (grant OTKA FK 146575). If there are other
authors, they declare that they have no known competing financial in-
terests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

The project is supported by the National Research, Development, and
Innovation Fund of Hungary [grant numbers: OTKA FK 146575 and
OTKA K 146649].

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.rser.2025.116293.

Data availability

Data will be made available on request.

References

[1] United Nations. The sustainable development goals report [Online]. Available:
https://unstats.un.org/sdgs/report/2020/. [Accessed 1 January 2025].

Mota B, Gomes M, Carvalho A, Barbosa-Povoa AP. Towards supply chain
sustainability: economic, environmental and social design and planning. J Clean
Prod Oct. 2015;105:14-27. https://doi.org/10.1016/j.jclepro.2014.07.052.
Azzaro-Pantel C. Hydrogen supply chains design, deployment and operation.
Elsevier; 2018. https://doi.org/10.1016/C2016-0-00605-8.

De-Leén Almaraz S, Gelei A, Solymosi T. Coalition analysis for low-carbon
hydrogen supply chains using cooperative game theory. Int J Hydrogen Energy
Feb. 2025. https://doi.org/10.1016/j.ijhydene.2025.02.010.

Martins FP, De-Leon Almaraz S, Botelho Junior AB, Azzaro-Pantel C, Parikh P.
Hydrogen and the sustainable development goals: synergies and trade-offs.
Renew Sustain Energy Rev Oct. 2024;204:114796. https://doi.org/10.1016/j.
rser.2024.114796.

[2]

[3]

[4]

[5]

15

[6

[7

8

[9

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]
[27]

[28]
[29]

[30]

[31]

[32]

Renewable and Sustainable Energy Reviews 226 (2026) 116293

IEA. Global hydrogen review [Online]. Available: https://www.iea.org/report
s/global-hydrogen-review-2021. [Accessed 31 December 2024].

Leszczynski G, De-Le6n Almaraz S. Sustainable energy supply transition: the
value of hydrogen for business customers. J Bus Ind Market Oct. 2024;39(11):
2478-96. https://doi.org/10.1108/JBIM-08-2023-0492.

Ochoa Robles J, De-Leén Almaraz S, Azzaro-Pantel C. Methods and tools for
hydrogen supply chain design. In: Hydrogen supply chains. Elsevier; 2018.

p- 349-88. https://doi.org/10.1016/B978-0-12-811197-0.00010-5.

Almansoori A, Shah N. Design and operation of a future hydrogen supply chain.
Chem Eng Res Des Jun. 2006;84(6):423-38. https://doi.org/10.1205/
cherd.05193.

Kim J, Lee Y, Moon I. Optimization of a hydrogen supply chain under demand
uncertainty. Int J Hydrogen Energy Sep. 2008;33(18):4715-29. https://doi.org/
10.1016/j.ijhydene.2008.06.007.

Yang D, et al. Optimised operation of integrated community energy system
considering integrated energy pricing strategy: a two-layer stackelberg game
approach. J Energy Storage May 2024;87:111383. https://doi.org/10.1016/j.
est.2024.111383.

De-Le6n Almaraz S, Azzaro-Pantel C, Montastruc L, Boix M. Deployment of a
hydrogen supply chain by multi-objective/multi-period optimisation at regional
and national scales. Chem Eng Res Des Dec. 2015;104:11-31. https://doi.org/
10.1016/j.cherd.2015.07.005.

Nunes P, Oliveira F, Hamacher S, Almansoori A. Design of a hydrogen supply
chain with uncertainty. Int J Hydrogen Energy Dec. 2015;40(46):16408-18.
https://doi.org/10.1016/j.ijhydene.2015.10.015.

Zhou J, Wu Y, Tao Y, Gao J, Zhong Z, Xu C. Geographic information big data-
driven two-stage optimization model for location decision of hydrogen refueling
stations: an empirical study in China. Energy Jun. 2021;225:120330. https://doi.
org/10.1016/j.energy.2021.120330.

Chavez DL, Azzaro-Pantel C, Montignac F, Ruby A. Determining competition
between LCA environmental impact categories through MILP single objective
optimization - a case study on green hydrogen. 2024. p. 2293-8. https://doi.org/
10.1016/B978-0-443-28824-1.50383-5.

De-Le6n Almaraz S, Azzaro-Pantel C, Montastruc L, Domenech S. Hydrogen
supply chain optimization for deployment scenarios in the Midi-Pyrénées region,
France. Int J Hydrogen Energy Aug. 2014;39(23):11831-45. https://doi.org/
10.1016/j.ijhydene.2014.05.165.

De-Le6n Almaraz S, Racz V, Azzaro-Pantel C, Szanté ZO. Multiobjective and
social cost-benefit optimisation for a sustainable hydrogen supply chain:
application to Hungary. Appl Energy Nov. 2022;325. https://doi.org/10.1016/j.
apenergy.2022.119882.

Riera JA, Lima RM, Knio OM. A review of hydrogen production and supply chain
modeling and optimization. Int J Hydrogen Energy Apr. 2023;48(37):13731-55.
https://doi.org/10.1016/j.ijhydene.2022.12.242.

Song J, et al. Fuzzy optimal scheduling of hydrogen-integrated energy systems
with uncertainties of renewable generation considering hydrogen equipment
under multiple conditions. Appl Energy Sep. 2025;393:126047. https://doi.org/
10.1016/j.apenergy.2025.126047.

Fazeli R, Longden T, Beck FJ. Dynamics of price-based competition between blue
and green hydrogen with net zero emissions targets. Renew Sustain Energy Rev
Mar. 2025;210:115244. https://doi.org/10.1016/j.rser.2024.115244.

Guidolin M, Guseo R. The German energy transition: modeling competition and
substitution between nuclear power and Renewable Energy Technologies. Renew
Sustain Energy Rev Jul. 2016;60:1498-504. https://doi.org/10.1016/].
rser.2016.03.022.

Furlan C, Mortarino C. Forecasting the impact of renewable energies in
competition with non-renewable sources. Renew Sustain Energy Rev Jan. 2018;
81:1879-86. https://doi.org/10.1016/j.rser.2017.05.284.

Rasti-Barzoki M, Moon 1. A game theoretic approach for analyzing electric and
gasoline-based vehicles’ competition in a supply chain under government
sustainable strategies: a case study of South Korea. Renew Sustain Energy Rev
Aug. 2021;146:111139. https://doi.org/10.1016/j.rser.2021.111139.
Mediavilla M, Lifi M, Ferreras-Alonso N, Miguel LJ, de Blas I. Analysis of the
competition between land, energy and food using the TERRA module of WILIAM
System Dynamics IAM. Renew Sustain Energy Rev Jul. 2025;216:115651.
https://doi.org/10.1016/j.rser.2025.115651.

Zwickl-Bernhard S, Auer H. Green hydrogen from hydropower: a non-cooperative
modeling approach assessing the profitability gap and future business cases.
Energy Strategy Rev 2022;43(Sep). https://doi.org/10.1016/j.esr.2022.100912.
IRENA. International co-operation to accelerate green hydrogen deployment. Abu
Dhabi, www.irena.org; 2024.

Hamilton WD. Selfish and spiteful behaviour in an evolutionary model. Nature
Dec. 1970;228(5277):1218-20. https://doi.org/10.1038/2281218a0.

Darwin C. The origin of species. John Murray; 1859.

Thibaut JW, Kelley HH. The social psychology of groups. Routledge; 2017.
https://doi.org/10.4324/9781315135007.

Li W, Zheng X. Development mechanism and technological innovation of
hydrogen energy: evaluating collaborative innovation based on hydrogen patent
data. Int J Hydrogen Energy Jan. 2024;52:415-27. https://doi.org/10.1016/j.
ijhydene.2023.05.310.

Henrich J, Muthukrishna M. The origins and psychology of human cooperation.
Annu Rev Psychol Jan. 2021;72(1):207-40. https://doi.org/10.1146/annurev-
psych-081920-042106.

Simpson B, Willer R. Beyond altruism: sociological foundations of cooperation
and prosocial behavior. Annu Rev Sociol Aug. 2015;41(1):43-63. https://doi.
org/10.1146/annurev-soc-073014-112242.


https://doi.org/10.1016/j.rser.2025.116293
https://doi.org/10.1016/j.rser.2025.116293
https://unstats.un.org/sdgs/report/2020/
https://doi.org/10.1016/j.jclepro.2014.07.052
https://doi.org/10.1016/C2016-0-00605-8
https://doi.org/10.1016/j.ijhydene.2025.02.010
https://doi.org/10.1016/j.rser.2024.114796
https://doi.org/10.1016/j.rser.2024.114796
https://www.iea.org/reports/global-hydrogen-review-2021
https://www.iea.org/reports/global-hydrogen-review-2021
https://doi.org/10.1108/JBIM-08-2023-0492
https://doi.org/10.1016/B978-0-12-811197-0.00010-5
https://doi.org/10.1205/cherd.05193
https://doi.org/10.1205/cherd.05193
https://doi.org/10.1016/j.ijhydene.2008.06.007
https://doi.org/10.1016/j.ijhydene.2008.06.007
https://doi.org/10.1016/j.est.2024.111383
https://doi.org/10.1016/j.est.2024.111383
https://doi.org/10.1016/j.cherd.2015.07.005
https://doi.org/10.1016/j.cherd.2015.07.005
https://doi.org/10.1016/j.ijhydene.2015.10.015
https://doi.org/10.1016/j.energy.2021.120330
https://doi.org/10.1016/j.energy.2021.120330
https://doi.org/10.1016/B978-0-443-28824-1.50383-5
https://doi.org/10.1016/B978-0-443-28824-1.50383-5
https://doi.org/10.1016/j.ijhydene.2014.05.165
https://doi.org/10.1016/j.ijhydene.2014.05.165
https://doi.org/10.1016/j.apenergy.2022.119882
https://doi.org/10.1016/j.apenergy.2022.119882
https://doi.org/10.1016/j.ijhydene.2022.12.242
https://doi.org/10.1016/j.apenergy.2025.126047
https://doi.org/10.1016/j.apenergy.2025.126047
https://doi.org/10.1016/j.rser.2024.115244
https://doi.org/10.1016/j.rser.2016.03.022
https://doi.org/10.1016/j.rser.2016.03.022
https://doi.org/10.1016/j.rser.2017.05.284
https://doi.org/10.1016/j.rser.2021.111139
https://doi.org/10.1016/j.rser.2025.115651
https://doi.org/10.1016/j.esr.2022.100912
http://www.irena.org
https://doi.org/10.1038/2281218a0
http://refhub.elsevier.com/S1364-0321(25)00966-9/sref28
https://doi.org/10.4324/9781315135007
https://doi.org/10.1016/j.ijhydene.2023.05.310
https://doi.org/10.1016/j.ijhydene.2023.05.310
https://doi.org/10.1146/annurev-psych-081920-042106
https://doi.org/10.1146/annurev-psych-081920-042106
https://doi.org/10.1146/annurev-soc-073014-112242
https://doi.org/10.1146/annurev-soc-073014-112242

E.K. Arthur et al.

[33]

[34]
[35]

[36]

[37]
[38]

[39]

[40]
[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

Freire JAF, Gongalves E. Cooperation in innovative efforts: a systematic literature
review. J Knowl Econ Dec. 2022;13(4):3364-400. https://doi.org/10.1007/
513132-021-00837-3.

Ostrom E. Coping with tragedies of the commons. Annu Rev Polit Sci Jun. 1999;2
(1):493-535. https://doi.org/10.1146/annurev.polisci.2.1.493.

Hardin G. The tragedy of the commons. Science 1979;162(3859):1243-8. https://
doi.org/10.1126/science.162.3859.1243. Dec. 1968.

Rawls J. Justice as fairness: political not metaphysical. In: Equality and Liberty.
London: Palgrave Macmillan UK; 1991. p. 145-73. https://doi.org/10.1007/978-
1-349-21763-2_10.

Axelrod R. The complexity of cooperation: Agent-Based models of competition
and Collaboration. Princeton University Press; 1997.

Gelei A, Dobos I. Modeling life cycles of supply chain relationships. Periodica
Polytech Soc Manag Sci 2014;22(1):1-12. https://doi.org/10.3311/PPs0.7424.
Co HC, Barro F. Stakeholder theory and dynamics in supply chain collaboration.
Int J Oper Prod Manag May 2009;29(6):591-611. https://doi.org/10.1108/
01443570910957573.

Von Neumann J, Morgenstern O. Theory of games and economic behavior. first
ed. Princeton University Press; 1944.

Nash JF. The bargaining problem. Econometrica Apr. 1950;18(2):155. https://
doi.org/10.2307/1907266.

Monyei CG, et al. Regional cooperation for mitigating energy poverty in Sub-
Saharan Africa: a context-based approach through the tripartite lenses of access,
sufficiency, and mobility. Renew Sustain Energy Rev May 2022;159:112209.
https://doi.org/10.1016/j.rser.2022.112209.

Mainar-Toledo MD, et al. Accelerating sustainable and economic development via
industrial energy cooperation and shared services — a case study for three
European countries. Renew Sustain Energy Rev Jan. 2022;153:111737. https://
doi.org/10.1016/j.rser.2021.111737.

Winkler L, Kilic OA, Veldman J. Collaboration in the offshore wind farm
decommissioning supply chain. Renew Sustain Energy Rev Oct. 2022;167:
112797. https://doi.org/10.1016/j.rser.2022.112797.

De Paulo AF, Porto GS. Unveiling the cooperation dynamics in the photovoltaic
technologies’ development. Renew Sustain Energy Rev Nov. 2023;187:113694.
https://doi.org/10.1016/j.rser.2023.113694.

Asghari M, Afshari H, Jaber MY, Searcy C. Strategic analysis of hydrogen market
dynamics across collaboration models. Renew Sustain Energy Rev Feb. 2025;208:
115001. https://doi.org/10.1016/j.rser.2024.115001.

Nalebuff BJ, Brandenburger AM. Co-opetition: competitive and cooperative
business strategies for the digital economy. Strat Leader Jun. 1997;25(6):28-33.
https://doi.org/10.1108/eb054655.

Gelei A, Dobos I. Micro-coopetition: conceptualizing and operationalizing
coopetitive managerial decision-making over time—a game theoretic approach.
Review of Managerial Science Jun. 2024;18(6):1743-67. https://doi.org/
10.1007/s11846-023-00676-3.

Quitzow R, Zabanova Y. Geoeconomics of the transition to net-zero energy and
industrial systems: a framework for analysis. Renew Sustain Energy Rev May
2025;214:115492. https://doi.org/10.1016/j.rser.2025.115492.

Manzhynski S, Biedenbach G, Raza-Ullah T, Zrébek-Rézariska A. Coopetition and
sustainability performance: examining the impact of cognitive and behavioral
mechanisms. J Bus Ind Market Apr. 2025;40(13):124-41. https://doi.org/
10.1108/JBIM-02-2024-0103.

Czakon W, Srivastava MK, Le Roy F, Gnyawali D. Coopetition strategies: critical
issues and research directions. Long Range Plann Feb. 2020;53(1):101948.
https://doi.org/10.1016/j.1rp.2019.101948.

Walley K. Coopetition: an introduction to the subject and an agenda for research.
Int Stud Manag Organ Jan. 2007;37(2):11-31. https://doi.org/10.2753/
IMO0020-8825370201.

De-Le6n Almaraz S, Kocsis T, Azzaro-Pantel C, Szant6 ZO. Identifying social
aspects related to the hydrogen economy: review, synthesis, and research
perspectives. Elsevier Ltd.; Jan. 02, 2024. https://doi.org/10.1016/j.
ijhydene.2023.10.043.

Zhang T, et al. A systematic review of modelling methods for studying the
integration of hydrogen into energy systems. Renew Sustain Energy Rev Feb.
2025;208:114964. https://doi.org/10.1016/j.rser.2024.114964.

Tariq AH, Amin U. Peer-to-peer multi-energy trading in a decentralized network:
a review. Renew Sustain Energy Rev Feb. 2025;208:114969. https://doi.org/
10.1016/j.rser.2024.114969.

Brandao MS, Godinho Filho M, Ganga GMD, Verschoore JR. Coopetition in supply
chain management: patterns, typology and propositions. J Bus Ind Market Apr.
2025;40(3):611-36. https://doi.org/10.1108/JBIM-02-2024-0089.

Bandeiras F, Pinheiro E, Gomes M, Coelho P, Fernandes J. Review of the
cooperation and operation of microgrid clusters. Renew Sustain Energy Rev Nov.
2020;133:110311. https://doi.org/10.1016/j.rser.2020.110311.

Churkin A, Bialek J, Pozo D, Sauma E, Korgin N. Review of Cooperative Game
Theory applications in power system expansion planning. Renew Sustain Energy
Rev Jul. 2021;145:111056. https://doi.org/10.1016/]j.rser.2021.111056.

Cheng L, Yu F, Huang P, Liu G, Zhang M, Sun R. Game-theoretic evolution in
renewable energy systems: advancing sustainable energy management and
decision optimization in decentralized power markets. Renew Sustain Energy Rev
Jul. 2025;217:115776. https://doi.org/10.1016/j.rser.2025.115776.

Paul J, Criado AR. The art of writing literature review: what do we know and
what do we need to know? Int Bus Rev Aug. 2020;29(4). https://doi.org/
10.1016/j.ibusrev.2020.101717.

16

[61]

[62]

[63]
[64]

[65]
[66]
[67]
[68]
[69]
[70]

[71]

[72]

[73]

[74]

[75]

[76]

[771

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

Renewable and Sustainable Energy Reviews 226 (2026) 116293

Bekius F, Gomes SL. A framework to design game theory-based interventions for
strategic analysis of real-world problems with stakeholders. Eur J Oper Res Sep.
2023;309(2):925-38. https://doi.org/10.1016/j.ejor.2023.01.046.

Peters H. Game theory. Berlin, Heidelberg: Springer Berlin Heidelberg; 2015.
https://doi.org/10.1007/978-3-662-46950-7.

Turocy TL, von Stengel B. Game theory, vol. 2; 2002. San Diego.

Rothe J. Economics and computation. Berlin, Heidelberg: Springer Berlin
Heidelberg; 2016. https://doi.org/10.1007/978-3-662-47904-9.

Gibbons R. Game theory for applied economists. Princeton University Press;
1992. https://doi.org/10.2307/j.ctvemxrzd.

Qin C-Z, Stuart C. Bertrand versus Cournot revisited. Econ Theory Sep. 1997;10
(3):497-507. https://doi.org/10.1007/s001990050169.

Maschler M, Solan E, Zamir S. Game theory. Cambridge University Press; 2013.
https://doi.org/10.1017/CB0O9780511794216.

Smith JM, Price GR. The logic of animal conflict. Nature Nov. 1973;246(5427):
15-8. https://doi.org/10.1038/246015a0.

Nash J. Two-Person cooperative games. Econometrica Jan. 1953;21(1):128.
https://doi.org/10.2307/1906951.

Schmeidler D. The Nucleolus of a characteristic function game. SIAM J Appl Math
Nov. 1969;17(6):1163-70. https://doi.org/10.1137/0117107.

Sziklai B, Fleiner T, Solymosi T. On the core and nucleolus of directed acyclic
graph games. Math Program May 2017;163(1-2):243-71. https://doi.org/
10.1007/s10107-016-1062-y.

Shapley LS. 17. A value for n-Person games. In: Contributions to the theory of
games (AM-28), vol. II. Princeton University Press; 1953. p. 307-18. https://doi.
org/10.1515/9781400881970-018.

Shapley LS. Cores of convex games. Int J Game Theor Dec. 1971;1(1):11-26.
https://doi.org/10.1007/BF01753431.

Gately D. Sharing the Gains from Regional Cooperation: A Game Theoretic
Application to Planning Investment in Electric Power. International Economic
Review 1974. 15(1). Available: https://www.jstor.org/stable/2526099.
Davis M, Maschler M. The kernel of a cooperative game. Nav Res Logist Q Sep.
1965;12(3):223-59. https://doi.org/10.1002/nav.3800120303.

Maschler M, Peleg B, Shapley LS. Geometric properties of the kernel, nucleolus,
and related solution concepts. Mathematics of Operations Research 1979;4(4):
303-38. https://www.jstor.org/stable/3689220 [Online]. Available:.
Brandenburger A, Stuart H. Biform games. Manag Sci Apr. 2007;53(4):537-49.
https://doi.org/10.1287/mnsc.1060.0591.

Gans J, Ryall MD. Value capture theory: a strategic management review. Strateg
Manag J Jan. 2017;38(1):17-41. https://doi.org/10.1002/smj.2592.
Hasankhani M, van Engelen J, Celik S, Diehl JC. Unveiling complexity of
hydrogen integration: a multi-faceted exploration of challenges in the Dutch
context. J Clean Prod Jan. 2024;434:139927. https://doi.org/10.1016/j.

jclepro.2023.139927.

De-Le6n Almaraz S, Moustapha Mai T, Melendez IR, Loganathan MK, Azzaro-
Pantel C. A holistic approach to assessing reliability in green hydrogen supply
chains using mixed methods. Technol Forecast Soc Change Dec. 2024;209:
123816. https://doi.org/10.1016/j.techfore.2024.123816.

Koestoer RH, Ligayanti T, Kartohardjono S, Susanto H. Down-streaming small-
scale green ammonia to nitrogen-phosphorus fertilizer tablets for rural
communities. Emerging Science Journal Apr. 2024;8(2):625-43. https://doi.org/
10.28991/ESJ-2024-08-02-016.

Liu H, et al. Coordinated planning model for multi-regional ammonia industries
leveraging hydrogen supply chain and power grid integration: a case study of
Shandong. Appl Energy 2025;377(Jan). https://doi.org/10.1016/j.
apenergy.2024.124456.

Zhao D, et al. A comprehensive design pipeline for FCEV powertrain
configuration considering the evolutionary development process and extreme
economic performance. Energy Nov. 2024;310. https://doi.org/10.1016/j.
energy.2024.133031.

Yang Z, Guo P, Wang L, Hao Q. Multi-objective optimization analysis of hydrogen
internal combustion engine performance based on game theory. Appl Energy
2024;374(Nov). https://doi.org/10.1016/j.apenergy.2024.123946.

Meng Q, et al. Dispatching strategy for low-carbon flexible operation of park-level
integrated energy System. Appl Sci Dec. 2022;12(23):12309. https://doi.org/
10.3390/app122312309.

Zhu J, Meng D, Dong X, Fu Z, Yuan Y. An integrated electricity - hydrogen market
design for renewable-rich energy system considering mobile hydrogen storage.
Renew Energy Jan. 2023;202:961-72. https://doi.org/10.1016/j.
renene.2022.12.015.

Staffell I, et al. The role of hydrogen and fuel cells in the global energy system.
Royal Society of Chemistry; Feb. 01, 2019. https://doi.org/10.1039/c8ee01157e.
Tang BJ, Cao XL, Li R, Xiang ZB, Zhang S. Economic and low-carbon planning for
interconnected integrated energy systems considering emerging technologies and
future development trends. Energy 2024;302(Sep). https://doi.org/10.1016/j.
energy.2024.131850.

Chantre C, et al. Hydrogen economy development in Brazil: an analysis of
stakeholders’ perception. Sustain Prod Consum Nov. 2022;34:26-41. https://doi.
0rg/10.1016/j.spc.2022.08.028.

Schlund D, Schulte S, Sprenger T. The who’s who of a hydrogen market ramp-up:
a stakeholder analysis for Germany. Renew Sustain Energy Rev Feb. 2022;154:
111810. https://doi.org/10.1016/j.rser.2021.111810.

Espegren K, Damman S, Pisciella P, Graabak I, Tomasgard A. The role of hydrogen
in the transition from a petroleum economy to a low-carbon society. Int J
Hydrogen Energy Jul. 2021;46(45):23125-38. https://doi.org/10.1016/j.
ijhydene.2021.04.143.


https://doi.org/10.1007/s13132-021-00837-3
https://doi.org/10.1007/s13132-021-00837-3
https://doi.org/10.1146/annurev.polisci.2.1.493
https://doi.org/10.1126/science.162.3859.1243
https://doi.org/10.1126/science.162.3859.1243
https://doi.org/10.1007/978-1-349-21763-2_10
https://doi.org/10.1007/978-1-349-21763-2_10
http://refhub.elsevier.com/S1364-0321(25)00966-9/sref37
http://refhub.elsevier.com/S1364-0321(25)00966-9/sref37
https://doi.org/10.3311/PPso.7424
https://doi.org/10.1108/01443570910957573
https://doi.org/10.1108/01443570910957573
http://refhub.elsevier.com/S1364-0321(25)00966-9/sref40
http://refhub.elsevier.com/S1364-0321(25)00966-9/sref40
https://doi.org/10.2307/1907266
https://doi.org/10.2307/1907266
https://doi.org/10.1016/j.rser.2022.112209
https://doi.org/10.1016/j.rser.2021.111737
https://doi.org/10.1016/j.rser.2021.111737
https://doi.org/10.1016/j.rser.2022.112797
https://doi.org/10.1016/j.rser.2023.113694
https://doi.org/10.1016/j.rser.2024.115001
https://doi.org/10.1108/eb054655
https://doi.org/10.1007/s11846-023-00676-3
https://doi.org/10.1007/s11846-023-00676-3
https://doi.org/10.1016/j.rser.2025.115492
https://doi.org/10.1108/JBIM-02-2024-0103
https://doi.org/10.1108/JBIM-02-2024-0103
https://doi.org/10.1016/j.lrp.2019.101948
https://doi.org/10.2753/IMO0020-8825370201
https://doi.org/10.2753/IMO0020-8825370201
https://doi.org/10.1016/j.ijhydene.2023.10.043
https://doi.org/10.1016/j.ijhydene.2023.10.043
https://doi.org/10.1016/j.rser.2024.114964
https://doi.org/10.1016/j.rser.2024.114969
https://doi.org/10.1016/j.rser.2024.114969
https://doi.org/10.1108/JBIM-02-2024-0089
https://doi.org/10.1016/j.rser.2020.110311
https://doi.org/10.1016/j.rser.2021.111056
https://doi.org/10.1016/j.rser.2025.115776
https://doi.org/10.1016/j.ibusrev.2020.101717
https://doi.org/10.1016/j.ibusrev.2020.101717
https://doi.org/10.1016/j.ejor.2023.01.046
https://doi.org/10.1007/978-3-662-46950-7
http://refhub.elsevier.com/S1364-0321(25)00966-9/sref63
https://doi.org/10.1007/978-3-662-47904-9
https://doi.org/10.2307/j.ctvcmxrzd
https://doi.org/10.1007/s001990050169
https://doi.org/10.1017/CBO9780511794216
https://doi.org/10.1038/246015a0
https://doi.org/10.2307/1906951
https://doi.org/10.1137/0117107
https://doi.org/10.1007/s10107-016-1062-y
https://doi.org/10.1007/s10107-016-1062-y
https://doi.org/10.1515/9781400881970-018
https://doi.org/10.1515/9781400881970-018
https://doi.org/10.1007/BF01753431
https://www.jstor.org/stable/2526099
https://doi.org/10.1002/nav.3800120303
https://www.jstor.org/stable/3689220
https://doi.org/10.1287/mnsc.1060.0591
https://doi.org/10.1002/smj.2592
https://doi.org/10.1016/j.jclepro.2023.139927
https://doi.org/10.1016/j.jclepro.2023.139927
https://doi.org/10.1016/j.techfore.2024.123816
https://doi.org/10.28991/ESJ-2024-08-02-016
https://doi.org/10.28991/ESJ-2024-08-02-016
https://doi.org/10.1016/j.apenergy.2024.124456
https://doi.org/10.1016/j.apenergy.2024.124456
https://doi.org/10.1016/j.energy.2024.133031
https://doi.org/10.1016/j.energy.2024.133031
https://doi.org/10.1016/j.apenergy.2024.123946
https://doi.org/10.3390/app122312309
https://doi.org/10.3390/app122312309
https://doi.org/10.1016/j.renene.2022.12.015
https://doi.org/10.1016/j.renene.2022.12.015
https://doi.org/10.1039/c8ee01157e
https://doi.org/10.1016/j.energy.2024.131850
https://doi.org/10.1016/j.energy.2024.131850
https://doi.org/10.1016/j.spc.2022.08.028
https://doi.org/10.1016/j.spc.2022.08.028
https://doi.org/10.1016/j.rser.2021.111810
https://doi.org/10.1016/j.ijhydene.2021.04.143
https://doi.org/10.1016/j.ijhydene.2021.04.143

E.K. Arthur et al.

[92]

[93]
[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

Page MJ, et al. The PRISMA 2020 statement: an updated guideline for reporting
systematic reviews. BMJ Publishing Group; Mar. 29, 2021. https://doi.org/
10.1136/bmj.n71.

Jan van Eck N, Waltman L. VOSviewer manual. 2022.

Dong X, Yu M. Green bond issuance and green innovation: evidence from China’s
energy industry. Int Rev Financ Anal Jul. 2024;94:103281. https://doi.org/
10.1016/j.irfa.2024.103281.

Wang Q, Tan Z, De G, Pu L, Wu J. Research on promotion incentive policy and
mechanism simulation model of energy storage technology. Energy Sci Eng Dec.
2019;7(6):3147-59. https://doi.org/10.1002/ese3.485.

Chen S, Bravo-Melgarejo S, Mongeau R, Malavolti E. Adopting and diffusing
hydrogen technology in air transport: an evolutionary game theory approach.
Energy Econ 2023;125(Sep). https://doi.org/10.1016/j.eneco.2023.106864.
Cheng C, An R, Dong K, Wang K. Can the future be bright? Evolutionary game
analysis of multi-stakeholders in the blue and green hydrogen development. Int J
Hydrogen Energy May 2024;67:294-311. https://doi.org/10.1016/j.
ijhydene.2024.04.132.

Yin T, Chen S, Wang G, Tan Y, Teng F, Zhang Q. Can subsidy policies achieve fuel
cell logistics vehicle (FCLV) promotion targets? Evidence from the beijing-tianjin-
hebei fuel cell vehicle demonstration city cluster in China. Energy Dec. 2024;311.
https://doi.org/10.1016/j.energy.2024.133270.

Nie S, et al. To adopt CCU technology or not? An evolutionary game between
local governments and coal-fired power plants. Sustainability Apr. 2022;14(8):
4768. https://doi.org/10.3390/s5u14084768.

Pan H, Wang Y, Chen Y, Sun J, Liu J. Network evolutionary game analysis of coal-
to-hydrogen CCUS technology dissemination in carbon trading market.
Sustainability Jan. 2025;17(2):418. https://doi.org/10.3390/5u17020418.

Teng M, Lv K, Han C, Liu P. Trading behavior strategy of power plants and the
grid under renewable portfolio standards in China: a tripartite evolutionary game
analysis. Energy 2023;284(Dec). https://doi.org/10.1016/j.energy.2023.128398.
Li X, Chen L, Hao Y, Wang Z, Changxing Y, Mei S. Sharing hydrogen storage
capacity planning for multi-microgrid investors with limited rationality: a
differential evolution game approach. J Clean Prod 2023;417(Sep). https://doi.
org/10.1016/j.jclepro.2023.138100.

Jafari H, Safarzadeh S, Azad-Farsani E. Effects of governmental policies on
energy-efficiency improvement of hydrogen fuel cell cars: a game-theoretic
approach. Energy 2022;254(Sep). https://doi.org/10.1016/j.
energy.2022.124394.

Wang H, Zhu L, Sun W, Khan MQ, Liu B. Research on energy pricing of the
hydrogen refueling station based on master-slave game in multi-market. Appl
Energy 2024;373(Nov). https://doi.org/10.1016/j.apenergy.2024.123906.
Wang J, Xu Z, Sun Y, Du X, Jamil Mahfoud R, Xiong J. Optimal configuration and
pricing strategies for electric-heat cloud energy storage: a Stackelberg game
approach. Sustain Energy Technol Assessments Oct. 2022;53:102596. https://doi.
org/10.1016/j.seta.2022.102596.

Longoria G, Lynch M, Devine MT, Curtis J. A model of strategic electrolysis firms
in energy, ancillary services and hydrogen markets. Int J Hydrogen Energy Jun.
2024;72:110-23. https://doi.org/10.1016/j.ijhydene.2024.04.356.

Sesini M, Zwickl-Bernhard S, Miinchmeyer M, Hobbs BF. Market dynamics and
power risks in green technology materials: platinum under the EU 2030 hydrogen
target. Appl Energy Apr. 2025;383:125262. https://doi.org/10.1016/j.
apenergy.2024.125262.

Singh A, Kumar A, C KA, Maulik A. DC microgrid operation with hybrid energy
storage considering islanding constraints and demand response coordination: a bi-
level Stackelberg game approach. J Energy Storage Nov. 2024;102:113913.
https://doi.org/10.1016/j.est.2024.113913.

Xiang H, et al. A tri-level transaction method for microgrid clusters considering
uncertainties and dynamic hydrogen prices. Energies Nov. 2024;17(21):5497.
https://doi.org/10.3390/en17215497.

Cai P, Mi Y, Ma S, Li H, Li D, Wang P. Hierarchical game for integrated energy
system and electricity-hydrogen hybrid charging station under distributionally
robust optimization. Energy Nov. 2023;283:128471. https://doi.org/10.1016/j.
energy.2023.128471.

Wang Q, Wang Y, Chen Z. Stackelberg equilibrium-based energy management
strategy for regional integrated electricity-hydrogen market. Front Energy Res
2023;11. https://doi.org/10.3389/fenrg.2023.1169089.

Guo H, Gong D, Zhang L, Wang F, Du D. Hierarchical game for low-carbon energy
and transportation systems under dynamic hydrogen pricing. IEEE Trans Ind Inf
Feb. 2023;19(2):2008-18. https://doi.org/10.1109/TI11.2022.3190550.

Liu Y, Liu T. Research on System planning of gas-power integrated System based
on improved two-stage robust optimization and non-cooperative game method.
IEEE Access 2021;9:79169-81. https://doi.org/10.1109/ACCESS.2021.3083272.
Cui S, Wang P, Gao Y, Zhu R. Cluster optimization for integrated energy systems
considering multi-energy sharing and asymmetric profit allocation: a case Study
of China. Processes Jul. 2023;11(7):2027. https://doi.org/10.3390/pr11072027.
Guo Z, Wei W, Chen L, Zhang X, Mei S. Equilibrium model of a regional hydrogen
market with renewable energy based suppliers and transportation costs. Energy
Apr. 2021;220:119608. https://doi.org/10.1016/j.energy.2020.119608.

Mi Y, Tao B, Fu Y, Su X-J, Wang P. A game bidding model of electricity and
hydrogen sharing System considering uncertainty. IEEE Trans Smart Grid May
2024;15(3):2751-61. https://doi.org/10.1109/TSG.2024.3357744.

Michalski J. Investment decisions in imperfect power markets with hydrogen
storage and large share of intermittent electricity. Int J Hydrogen Energy May
2017;42(19):13368-81. https://doi.org/10.1016/].ijhydene.2017.01.141.

17

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

Renewable and Sustainable Energy Reviews 226 (2026) 116293

Fu Q, Yang Z. Mode selection and risk estimation of financing in new energy
automobile enterprises. Energy Rep Sep. 2021;7:330-7. https://doi.org/10.1016/
j-egyr.2021.06.053.

Li H, Ren Z, Trivedi A, Verma PP, Srinivasan D, Li W. A noncooperative game-
based approach for microgrid planning considering existing interconnected and
clustered microgrids on an Island. IEEE Trans Sustain Energy Oct. 2022;13(4):
2064-78. https://doi.org/10.1109/TSTE.2022.3180842.

Sun Z, Wang Y, Chen Z, Li X. Min-max game based energy management strategy
for fuel cell/supercapacitor hybrid electric vehicles. Appl Energy 2020;267(Jun).
https://doi.org/10.1016/j.apenergy.2020.115086.

Lu X, et al. A novel site selection approach for Co-location of petrol-hydrogen
fueling stations using a game theory-based multi-criteria decision-making model.
Int J Hydrogen Energy Mar. 2025;106:1443-61. https://doi.org/10.1016/j.
ijhydene.2025.02.076.

Cronert T, Minner S. Location selection for hydrogen fuel stations under emerging
provider competition. Transport Res C Emerg Technol Dec. 2021;133. https://doi.
org/10.1016/j.trc.2021.103426.

Sun Y, Xia C, Yin B, Gao H, Han J, Liu J. Energy management strategy for FCEV
considering degradation of fuel cell. Int J Green Energy Jan. 2023;20(1):28-39.
https://doi.org/10.1080/15435075.2021.2023546.

Duan L, Yuan Y, Taylor G, Lai CS. Game-Theory-Based design and analysis of a
peer-to-peer energy exchange System between multi-solar-hydrogen-battery
storage electric vehicle charging stations. Electronics (Switzerland) Jun. 2024;13
(12). https://doi.org/10.3390/electronics13122392.

Mo Y, Qin Z, Guo Y, Zhang Y. Day-ahead flexibility enhancement via joint
optimization for new energy vehicle fleets and electric vehicle charging/hydrogen
refuelling stations. IET Renew Power Gener Sep. 2022;16(12):2644-57. https://
doi.org/10.1049/rpg2.12457.

Wang W, Li J. A tripartite evolutionary game model for the hydrogen fuel cell
vehicle industry development under government regulation in China. Fuel 2023;
348(Sep). https://doi.org/10.1016/j.fuel.2023.128223.

Peng W, Xin B, Xie L. Optimal strategies for production plan and carbon emission
reduction in a hydrogen supply chain under cap-and-trade policy. Renew Energy
Oct. 2023;215. https://doi.org/10.1016/j.renene.2023.118960.

Haghi E, Shamsi H, Dimitrov S, Fowler M, Raahemifar K. Assessing the potential
of fuel cell-powered and battery-powered forklifts for reducing GHG emissions
using clean surplus power; a game theory approach. Int J Hydrogen Energy Dec.
2020;45(59):34532-44. https://doi.org/10.1016/j.ijhydene.2019.05.063.

Wang X, Li B, Wang Y, Lu H, Zhao H, Xue W. A bargaining game-based profit
allocation method for the wind-hydrogen-storage combined system. Appl Energy
2022;310(Mar). https://doi.org/10.1016/j.apenergy.2021.118472.

Ma T, Pei W, Deng W, Xiao H, Yang Y, Tang C. A Nash bargaining-based
cooperative planning and operation method for wind-hydrogen-heat multi-agent
energy system. Energy 2022;239(Jan). https://doi.org/10.1016/j.
energy.2021.122435.

Liu X, Li M, Wang R, Feng J, Dong C, Sun Q. Low-carbon operation of multi-
virtual power plants with hydrogen doping and load aggregator based on bilateral
cooperative game. Energy 2024;309(Nov). https://doi.org/10.1016/j.
energy.2024.132984.

Wang LL, Xian RC, Jiao PH, Liu XH, Xing YW, Wang W. Cooperative operation of
industrial/commercial/residential integrated energy system with hydrogen
energy based on Nash bargaining theory. Energy 2024;288(Feb). https://doi.org/
10.1016/j.energy.2023.129868.

Ding J, Gao C, Song M, Yan X, Chen T. Optimal operation of multi-agent
electricity-heat-hydrogen sharing in integrated energy system based on Nash
bargaining. Int J Electr Power Energy Syst 2023;148(Jun). https://doi.org/
10.1016/j.ijepes.2022.108930.

Wang X, zhao H, Lu H, Zhang Y, Wang Y, Wang J. Decentralized coordinated
operation model of VPP and P2H systems based on stochastic-bargaining game
considering multiple uncertainties and carbon cost. Appl Energy 2022;312(Apr).
https://doi.org/10.1016/j.apenergy.2022.118750.

Cai P, Mi Y, Xing H, Li D, Li H, Wang P. Hierarchical coordinated energy
management strategy for electricity-hydrogen integrated charging stations based
on IGDT and hybrid game. Elec Power Syst Res Oct. 2023;223. https://doi.org/
10.1016/j.epsr.2023.109527.

Ehtamo H, Ruusunen J, Himaéldinen RP. The computation of the Nash bargaining
solution. Comput Math Appl 1989;18(1-3):189-93. https://doi.org/10.1016/
0898-1221(89)90136-3.

Thomson W. Chapter 35 Cooperative models of bargaining, Handbook of Game
Theory with Economic Applications, Volume 2. 1994; 1237-1284.

Garcia RC, Contreras J, Barbosa M de L, Toledo FS, da Cunha PVA. Raiffa-Kalai-
Smorodinsky bargaining solution for bilateral contracts in electricity markets.
Energies May 2020;13(9):2397. https://doi.org/10.3390/en13092397.

Liu Y, Li Y, Rong Y, Li G, Wang R, Zhou H. Benefit allocation of
electricity-gas-heat-hydrogen integrated energy system based on Shapley value.
Clean Energy Dec. 2023;7(6):1381-90. https://doi.org/10.1093/ce/zkad062.
He C, Xie J. Two-stage operation optimization strategy of park integrated energy
system cluster coupled with hydrogen energy storage. Energy Rep Jun. 2025;13:
1846-58. https://doi.org/10.1016/j.egyr.2025.01.023.

Barati A, Karimi H, Jadid S. Multi-objective operation of interconnected multi-
energy systems considering power to gas and gas to power systems. Int J Electr
Power Energy Syst Jul. 2024;158:109986. https://doi.org/10.1016/j.
ijepes.2024.109986.

Tan KW, Liew PY, Gan CL, Woon KS, Rozali NEM, Ho WS. Peer-to-Peer trading for
multi-utility energy systems in Eco- industrial Park. Chem Eng Trans 2023;103:
823-8. https://doi.org/10.3303/CET23103138.


https://doi.org/10.1136/bmj.n71
https://doi.org/10.1136/bmj.n71
http://refhub.elsevier.com/S1364-0321(25)00966-9/sref93
https://doi.org/10.1016/j.irfa.2024.103281
https://doi.org/10.1016/j.irfa.2024.103281
https://doi.org/10.1002/ese3.485
https://doi.org/10.1016/j.eneco.2023.106864
https://doi.org/10.1016/j.ijhydene.2024.04.132
https://doi.org/10.1016/j.ijhydene.2024.04.132
https://doi.org/10.1016/j.energy.2024.133270
https://doi.org/10.3390/su14084768
https://doi.org/10.3390/su17020418
https://doi.org/10.1016/j.energy.2023.128398
https://doi.org/10.1016/j.jclepro.2023.138100
https://doi.org/10.1016/j.jclepro.2023.138100
https://doi.org/10.1016/j.energy.2022.124394
https://doi.org/10.1016/j.energy.2022.124394
https://doi.org/10.1016/j.apenergy.2024.123906
https://doi.org/10.1016/j.seta.2022.102596
https://doi.org/10.1016/j.seta.2022.102596
https://doi.org/10.1016/j.ijhydene.2024.04.356
https://doi.org/10.1016/j.apenergy.2024.125262
https://doi.org/10.1016/j.apenergy.2024.125262
https://doi.org/10.1016/j.est.2024.113913
https://doi.org/10.3390/en17215497
https://doi.org/10.1016/j.energy.2023.128471
https://doi.org/10.1016/j.energy.2023.128471
https://doi.org/10.3389/fenrg.2023.1169089
https://doi.org/10.1109/TII.2022.3190550
https://doi.org/10.1109/ACCESS.2021.3083272
https://doi.org/10.3390/pr11072027
https://doi.org/10.1016/j.energy.2020.119608
https://doi.org/10.1109/TSG.2024.3357744
https://doi.org/10.1016/j.ijhydene.2017.01.141
https://doi.org/10.1016/j.egyr.2021.06.053
https://doi.org/10.1016/j.egyr.2021.06.053
https://doi.org/10.1109/TSTE.2022.3180842
https://doi.org/10.1016/j.apenergy.2020.115086
https://doi.org/10.1016/j.ijhydene.2025.02.076
https://doi.org/10.1016/j.ijhydene.2025.02.076
https://doi.org/10.1016/j.trc.2021.103426
https://doi.org/10.1016/j.trc.2021.103426
https://doi.org/10.1080/15435075.2021.2023546
https://doi.org/10.3390/electronics13122392
https://doi.org/10.1049/rpg2.12457
https://doi.org/10.1049/rpg2.12457
https://doi.org/10.1016/j.fuel.2023.128223
https://doi.org/10.1016/j.renene.2023.118960
https://doi.org/10.1016/j.ijhydene.2019.05.063
https://doi.org/10.1016/j.apenergy.2021.118472
https://doi.org/10.1016/j.energy.2021.122435
https://doi.org/10.1016/j.energy.2021.122435
https://doi.org/10.1016/j.energy.2024.132984
https://doi.org/10.1016/j.energy.2024.132984
https://doi.org/10.1016/j.energy.2023.129868
https://doi.org/10.1016/j.energy.2023.129868
https://doi.org/10.1016/j.ijepes.2022.108930
https://doi.org/10.1016/j.ijepes.2022.108930
https://doi.org/10.1016/j.apenergy.2022.118750
https://doi.org/10.1016/j.epsr.2023.109527
https://doi.org/10.1016/j.epsr.2023.109527
https://doi.org/10.1016/0898-1221(89)90136-3
https://doi.org/10.1016/0898-1221(89)90136-3
https://doi.org/10.3390/en13092397
https://doi.org/10.1093/ce/zkad062
https://doi.org/10.1016/j.egyr.2025.01.023
https://doi.org/10.1016/j.ijepes.2024.109986
https://doi.org/10.1016/j.ijepes.2024.109986
https://doi.org/10.3303/CET23103138

E.K. Arthur et al.

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

Alamir N, Kamel S, Abdelkader SM. Stochastic multi-layer optimization for
cooperative multi-microgrid systems with hydrogen storage and demand
response. Int J Hydrogen Energy Jan. 2025;100:688-703. https://doi.org/
10.1016/j.ijhydene.2024.12.244,

Li B, Li X, Su Q. A system and game strategy for the isolated island electric-gas
deeply coupled energy network. Appl Energy 2022;306(Jan). https://doi.org/
10.1016/j.apenergy.2021.118013.

Sziklai BR, Koczy LA, Csercsik D. The impact of Nord Stream 2 on the European
gas market bargaining positions. Energy Policy Sep. 2020;144:111692. https://
doi.org/10.1016/j.enpol.2020.111692.

Zhao T, Liu Z, Jamasb T. Developing hydrogen refueling stations: an evolutionary
game approach and the case of China. Energy Econ 2022;115(Nov). https://doi.
org/10.1016/j.eneco.2022.106390.

Wang G, et al. Analyzing the effects of government policy and solar photovoltaic
hydrogen production on promoting CO2 capture and utilization by using
evolutionary game analysis. Energy Strategy Rev 2023;45(Jan). https://doi.org/
10.1016/j.esr.2022.101044.

Wang G, Chao Y, Chen Z. Promoting developments of hydrogen powered vehicle
and solar PV hydrogen production in China: a study based on evolutionary game
theory method. Energy Dec. 2021;237:121649. https://doi.org/10.1016/j.
energy.2021.121649.

Yuan Q, Jia H, Wang K. To adopt the CCUS technology or not? An evolutionary
game analysis between coal-to-hydrogen plants and oil-fields. Int J Hydrogen
Energy Dec. 2024;96:1159-70. https://doi.org/10.1016/j.ijhydene.2024.11.347.
Zhao Y, Wei Y, Tang Y, Guo Y, Sun H. Multi-objective robust dynamic pricing and
operation strategy optimization for integrated energy system based on stackelberg
game. Int J Hydrogen Energy Sep. 2024;83:826-41. https://doi.org/10.1016/j.
ijhydene.2024.07.432.

Yang Z, Li H, Zhang H. Dynamic collaborative pricing for managing refueling
demand of hydrogen fuel cell vehicles. IEEE Transactions on Transportation
Electrification Dec. 2024;10(4):10349-60. https://doi.org/10.1109/
TTE.2024.3381236.

Zhang Z, Fedorovich KS. Optimal operation of multi-integrated energy system
based on multi-level Nash multi-stage robust. Appl Energy 2024;358(Mar).
https://doi.org/10.1016/j.apenergy.2023.122557.

Wang Y, Qin Y, Ma Z, Wang Y, Li Y. Operation optimisation of integrated energy
systems based on cooperative game with hydrogen energy storage systems. Int J
Hydrogen Energy Dec. 2023;48(95):37335-54. https://doi.org/10.1016/j.
ijhydene.2023.06.170.

Efremov C, Le TT, Paramasivam P, Rudzki K, Osman SM, Chau TH. Improving
syngas yield and quality from biomass/coal co-gasification using cooperative
game theory and local interpretable model-agnostic explanations. Int J Hydrogen
Energy Dec. 2024;96:892-907. https://doi.org/10.1016/j.ijhydene.2024.11.329.
Zhang R, Bu S, Li G. Multi-market P2P trading of cooling-heating-power-
hydrogen integrated energy systems: an equilibrium-heuristic online prediction
optimization approach. Appl Energy Aug. 2024;367:123352. https://doi.org/
10.1016/j.apenergy.2024.123352.

Mansouri SA, Paredes A, Gonzalez JM, Aguado JA. A three-layer game theoretic-
based strategy for optimal scheduling of microgrids by leveraging a dynamic
demand response program designer to unlock the potential of smart buildings and
electric vehicle fleets. Appl Energy Oct. 2023;347:121440. https://doi.org/
10.1016/j.apenergy.2023.121440.

18

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

Renewable and Sustainable Energy Reviews 226 (2026) 116293

Zhao T, Liu Z, Jamasb T. A business model design for hydrogen refueling stations:
a multi-level game approach. Int J Hydrogen Energy Jan. 2024;52:577-88.
https://doi.org/10.1016/j.ijhydene.2023.01.319.

Pan G, Gu W, Chen X, Lu Y, Zhang S. Cooperative electricity-hydrogen trading
model for optimizing low-carbon travel using nash bargaining theory. CSEE
Journal of Power and Energy Systems 2024. https://doi.org/10.17775/
CSEEJPES.2021.02630.

Li J, Yang L, Yang Q, Wei Z, He Y, Lan H. Degradation adaptive energy
management with a recognition-prediction method and lifetime competition-
cooperation control for fuel cell hybrid bus. Energy Convers Manag 2022;271
(Nov). https://doi.org/10.1016/j.enconman.2022.116306.

Duan L, Taylor G, Lai CS. Solar—Hydrogen-Storage integrated electric vehicle
charging stations with demand-side management and social welfare
maximization. World Electric Vehicle Journal Jul. 2024;15(8):337. https://doi.
0rg/10.3390/wevj15080337.

Affery AP, et al. Optimal planning of inter-plant hydrogen integration (IPHI) in
eco-industrial park with P-graph and game theory analyses. Process Saf Environ
Prot Nov. 2021;155:197-218. https://doi.org/10.1016/j.psep.2021.08.016.
Karavas C-S, Arvanitis K, Papadakis G. A game theory approach to multi-agent
decentralized energy management of autonomous polygeneration microgrids.
Energies Nov. 2017;10(11):1756. https://doi.org/10.3390/en10111756.

Tuofu H, Changhao H, Qingyun H, Dongxiao Y, Tian H, Yi F. A coordination
analysis of stakeholder interests on the new subsidy policy of hydrogen fuel cell
vehicles in China: from the perspective of the evolutionary game theory. Int J
Hydrogen Energy Jul. 2022;47(58):24493-510. https://doi.org/10.1016/j.
ijhydene.2022.02.218.

Zhang K, Zhou B, Chung CY, Bu S, Wang Q, Voropai N. A coordinated multi-
energy trading framework for strategic hydrogen provider in electricity and
hydrogen markets. IEEE Trans Smart Grid Mar. 2023;14(2):1403-17. https://doi.
org/10.1109/TSG.2022.3154611.

Carff D, Donato A, Fredella MI, Squillante M. Coopetitive games for
environmental sustainability: climate change and decision global policies.
Socioecon Plann Sci 2021;75(Jun). https://doi.org/10.1016/j.seps.2020.100807.
Schlecht L. Competition and alliances in fuel cell power train development. Int J
Hydrogen Energy Jul. 2003;28(7):717-23. https://doi.org/10.1016/50360-3199
(02)00243-4.

WuY, Lin Z, Liu C, Chen Y, Uddin N. A demand response trade model considering
cost and benefit allocation game and hydrogen to electricity conversion. IEEE
Trans Ind Appl Mar. 2022;58(2):2909-20. https://doi.org/10.1109/
TIA.2021.3088769.

Almutairi K, Hosseini Dehshiri SJ, Hosseini Dehshiri SS, Mostafaeipour A,

Hoa AX, Techato K. Determination of optimal renewable energy growth strategies
using SWOT analysis, hybrid MCDM methods, and game theory: a case study. Int
J Energy Res Apr. 2022;46(5):6766-89. https://doi.org/10.1002/er.7620.

Tan C, Tan Q, Geng S, Tan Z, Du Y, Xiao J. Multi-timescale interaction of a
coupled electricity-hydrogen-gas system with a distribution network considering
dynamic games. Sustain Cities Soc Sep. 2023;96:104639. https://doi.org/
10.1016/j.5¢s5.2023.104639.

Toktas-Palut P. The fuel cell electric vehicle market growth: analyses of contracts
and government incentives. Comput Ind Eng 2023;176(Feb). https://doi.org/
10.1016/j.cie.2023.108988.

Liu H, et al. Blockchain-based optimization of operation and trading among
multiple microgrids considering market fairness. Int J Electr Power Energy Syst
May 2025;166:110523. https://doi.org/10.1016/j.ijepes.2025.110523.


https://doi.org/10.1016/j.ijhydene.2024.12.244
https://doi.org/10.1016/j.ijhydene.2024.12.244
https://doi.org/10.1016/j.apenergy.2021.118013
https://doi.org/10.1016/j.apenergy.2021.118013
https://doi.org/10.1016/j.enpol.2020.111692
https://doi.org/10.1016/j.enpol.2020.111692
https://doi.org/10.1016/j.eneco.2022.106390
https://doi.org/10.1016/j.eneco.2022.106390
https://doi.org/10.1016/j.esr.2022.101044
https://doi.org/10.1016/j.esr.2022.101044
https://doi.org/10.1016/j.energy.2021.121649
https://doi.org/10.1016/j.energy.2021.121649
https://doi.org/10.1016/j.ijhydene.2024.11.347
https://doi.org/10.1016/j.ijhydene.2024.07.432
https://doi.org/10.1016/j.ijhydene.2024.07.432
https://doi.org/10.1109/TTE.2024.3381236
https://doi.org/10.1109/TTE.2024.3381236
https://doi.org/10.1016/j.apenergy.2023.122557
https://doi.org/10.1016/j.ijhydene.2023.06.170
https://doi.org/10.1016/j.ijhydene.2023.06.170
https://doi.org/10.1016/j.ijhydene.2024.11.329
https://doi.org/10.1016/j.apenergy.2024.123352
https://doi.org/10.1016/j.apenergy.2024.123352
https://doi.org/10.1016/j.apenergy.2023.121440
https://doi.org/10.1016/j.apenergy.2023.121440
https://doi.org/10.1016/j.ijhydene.2023.01.319
https://doi.org/10.17775/CSEEJPES.2021.02630
https://doi.org/10.17775/CSEEJPES.2021.02630
https://doi.org/10.1016/j.enconman.2022.116306
https://doi.org/10.3390/wevj15080337
https://doi.org/10.3390/wevj15080337
https://doi.org/10.1016/j.psep.2021.08.016
https://doi.org/10.3390/en10111756
https://doi.org/10.1016/j.ijhydene.2022.02.218
https://doi.org/10.1016/j.ijhydene.2022.02.218
https://doi.org/10.1109/TSG.2022.3154611
https://doi.org/10.1109/TSG.2022.3154611
https://doi.org/10.1016/j.seps.2020.100807
https://doi.org/10.1016/S0360-3199(02)00243-4
https://doi.org/10.1016/S0360-3199(02)00243-4
https://doi.org/10.1109/TIA.2021.3088769
https://doi.org/10.1109/TIA.2021.3088769
https://doi.org/10.1002/er.7620
https://doi.org/10.1016/j.scs.2023.104639
https://doi.org/10.1016/j.scs.2023.104639
https://doi.org/10.1016/j.cie.2023.108988
https://doi.org/10.1016/j.cie.2023.108988
https://doi.org/10.1016/j.ijepes.2025.110523

	Strategic dynamics in hydrogen deployment: A game-theoretical review of competition, cooperation, and coopetition
	1 Introduction
	2 Background
	2.1 Game theory
	2.2 HSCs and integrated energy systems (IES)

	3 Methodology
	4 Consolidated results
	4.1 Topic mapping from the bibliometric literature review
	4.2 Structured literature review: overall results

	5 Hydrogen competition, cooperation and coopetition dynamics
	5.1 Competition
	5.1.1 Game type used
	5.1.2 Focus areas

	5.2 Cooperation
	5.2.1 Game type used
	5.2.2 Focus areas

	5.3 Coopetition
	5.3.1 Game type used
	5.3.2 Focus areas

	5.4 Policy implications for H2CCC strategy

	6 Research gaps, perspectives and limitations
	7 Conclusions
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	Data availability
	References


