


Fuzzy Cooperative Game Model for Renewable Energy Advancement: A Case Study of Offshore Wind Farms

ABSTRACT
[bookmark: _GoBack]	Renewable Energy or Green Energy are the energy spawned from naturalistic resources such as sunshine, water, waste and tornado. Renewable energy is in abundance around us. Exploitation of Green Energy is a universal concernment due to its reign to alleviate the environment and diminish the dependence on conservative energy. Collaborated approaches, where various stakeholders involve, can help surmount these hedges and escalate the acceptance of renewable energy. In such situations, fuzzy cooperative game theory can be used to model and analyse the sophisticated environment. Consider a scenario where several countries are considering investing in renewable energy projects. The potential benefits and costs of these projects are uncertain due to factors such as technological advancements, market fluctuations, and policy changes. Kerala, a state in southern India, has significant potential for renewable energy production due to its abundant solar and wind resources. However, the state government is struggling to integrate renewable energy into the existing power grid and ensure equitable distribution of benefits among stakeholders. Using a fuzzy cooperative game model, we can analyse the formation of coalitions among stakeholders to jointly invest in renewable energy projects and share the benefits and costs.
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1. INTRODUCTION
	About 6 billion people, or 80% of a world's population, live in nations that import fossil fuels, making them prone to geopolitical shocks and crises. On the other hand, renewable energy sources are accessible in every nation, maybe in different forms based on the location, seasons and their full potential has not yet been realized. According to the International Renewable Energy Agency (IRENA), by 2050, renewable sources can indeed provide 90% of the electricity in the world. There are so many advantages in using the sustainable energy.
1. Sustainability: As green energy is the energy available in nature it will sustain as far as nature exists. This makes it different from fossil energy sources.
2. Reliability: The non-renewable energy is available in limited locations which causes argument between countries.
3. Public health: By reducing the number of pollutions we will have clean air and soli so that everyone can live happily.
4. Job opportunity: The renewable energy transformation companies can produce a greater number of job opportunities. 
5. Autarky: Countries with non- renewable energy can be self-sufficient as the green energy is present everywhere in the nature in one form or the other. 
But there are certain hardships in using green energy. Some of them are explained below 
1. Availability of renewable energy: Most of the green energy resources like Sun, wind, water, and geothermal depends on natural environment such as climatic change, topographical location etc. There may be fluctuations in receiving the green energy which is a challenge in consistent energy supply.
2. Efficiency of energy conversion method: The transformation methods depend on the green energy received, the technology used and the accidental conditions such as thundershower, tide and area. 
3. Maiden cost of installation of the device: The installation of cost of the device for conversion of renewable energy to electricity is high and sometimes uneconomical. 
4. Area for renewable energy sites.: The space required to exploit the green energy is huge which causes issues for energy sites.
5. Pollution effluence: Green energy conversion produces small amount of pollution. To avoid this the conversion device is to be recycled on a regular basis which also is expensive.

Collaboration between countries of different geographical features, departments handling different kinds of renewable energy etc can give a solution, to some extent, to the above-mentioned hardships. Game theory can be used in such scenarios to model and analyse the situation. In this article we will be using Fuzzy Cooperative Game Theory to model and analyse the coalition.

1.1 Game Theory

	Game theory is a mathematical study of strategic interactions It was developed considerably in 1950s.At the beginning it addressed the game where there is only two persons playing with balanced gain and loss. This is commonly known as two-person zero sum game. Zero sum game has wide range of applications in daily life, economics, computer science etc. Eventually it was applied to many human and animal behavioural relationships. It is now considered as the blanket term in the systematic disciplines of reasonable decision making in mortal and immortals. 

1.2 Cooperative Game Theory

	John Von Neumann and Oskar Morgenstern were the first to study on games with multiple players. They presumed that the players could form a collaboration to achieve best results depending on the nature of agreements, actions taken and the collective pay offs. It characterises only the structure and pay offs of coalition. It provides a good mathematical framework to comprehend how best a collaboration can be done between individuals or group to share the rewards equally. Some of the key factors of cooperative game theory includes design and cost of coalition, allocating payoffs, counting bargaining power and implementation of the process.


Key Factors 
· Players: Any participant of the game having more than one nontrivial strategy and selects the strategy based on payoffs. A player selecting strategy randomly is called a nature player. In game theory the set of players is denoted by N
· Coalition: The part of players who decided to collaborate This collaboration is a subset of N. If this includes all players N, then it is called grand coalition.
· Characteristic function: This assigns a real value to each coalition showing how much they can achieve independently. This value depends on the strategies and actions by each member of the coalition. This function measures the advantages of cooperation and is the basis for a fair play.
· Imputations: These are the feasible pay offs that satisfy efficiency and individual rationality. Each player in the grand coalition receives as much as they can earn. 
· Solutions: Some of the solution methods used to distribute the payoff among the players are as follows:
· Core: The set of all possible allocations 
· Shapley Value: It is the contribution of each player to all possible coalitions.
· Nucleolus Value: It is the solution or allocation of the payments to players that maximises the difference between the payment given to coalition and the value the coalition could get by deviating.
· Fairness and Stability: Fairness in distributing the players contribution and stability to prevent any coalition from having an incentive to leave the grand coalition.
· Bargaining power and marginal contribution: Ability to negotiate over the division of resources depending on the strategic planning and the contribution of the players.
· External Causes: Value of coalition is sometimes affected by the external players who are not in the coalition.
· Binding Agreements: In cooperative game theory the binding agreements are enforceable. Without this the outcome may become close to non-cooperative game.
· Symmetric and Asymmetric Players: Symmetric players contribute equally or identically in terms of resources and strategic plans for the fair solution of the game. Asymmetric players have different capabilities, and the pay of distribution considers these to maintain fair and stable solution.
· Efficiency: The coalition must be so efficient that no resources are wasted, and the sum of individual payoffs is equal to the total coalition value.

1.3 Fuzzy Cooperative Game Theory

Conventional cooperative game theory can be extended to fuzzy cooperative game theory where the players may participate in varying degree rather than having a full participation or no participation. It happened as a natural chain of classical coalition theory as a contribution from several researchers following Zadeh’s foundational work.  In 1965 L.A Zadeh introduced the concept of fuzzy set which became the mathematical basis for uncertainty and imprecision in various fields including game theory. In 1974 H J Zimmermann applied fuzzy set theory to cooperative game theory. He expressed the characteristic function and stability concepts like core in fuzzy format. In 1982 T. Sakawa defined and analysed fuzzy cooperative game theory by exploring practical applications of fuzzy decision making in cooperative context. In 1997 H.T Nguyen and E A walker fused fuzzy logic into decision making and cooperative strategies. Fuzzy logic is used to study the uncertainty, imprecision and vagueness in decision making. 

Key Factors 
· Fuzzy Coalition: In classical game theory the coalition is the subset of the set of players N whereas in fuzzy cooperative game theory a membership function whose value lies in [0,1] is defined for the players.
· Fuzzy Characteristic Function:  It is usually defined using fuzzy set operations considering the degree of the membership function.
· Fuzzy Core: In fuzzy cooperative games, the fuzzy core considers the partial participation of the players and ensures stability under fuzzy coalition.
· Fuzzy shapely value: It can be considered as the fuzzy contributions using membership degrees to modify the allocation formula.
· Fuzzy Bargaining Powers: When there are unequal powers among players fuzzy bargaining powers can be used to negotiate fair pay offs according to their fuzzy membership degree in coalition.
· Fuzzy Stability: Fuzzy stability analyses whether the fuzzy coalition is satisfied with distribution of rewards based on fuzzy membership functions. 

2. METHODOLOGY
     2.1 Membership Function:
 A fuzzy coalition  is represented by a membership function , where  denotes the degree to which player i belongs to the coalition.
2.2 Fuzzy Characteristic Function: 
For a fuzzy coalition , the characteristic function can be represented as 
 ), where f is a function that aggregates the membership function.
           2.3    Shapley Value:
             For a player i , the fuzzy shapely value is given by 

Where N → ,  cardinality of the fuzzy coalition depending on the degree of the membership functions,   fuzzy worth of coalition and it gives the sum of all possible fuzzy coalitions. Shapely value represents the share of each player. The marginal contribution of a player depends on how the value changes when i is added or removed.

.4 Fuzzy Core: 
Let  be the number of players and  be the characteristic function which assigns a value to each fuzzy coalition . Let  be the degree of the membership function. A pay off vector  is in fuzzy core if it satisfies the following conditions 
· Efficiency:  where  is the fuzzy partial coalition.
· Fuzzy rationality: 
The fuzzy core provides a mathematical framework to address the stability and fairness of coalition characterised by vagueness and partial cooperations.
3. FUZZY COOPERATIVE GAME MODEL 

Turmoil in the usual functioning of eco system, either due to human or natural, is a big challenge to the environment. Some of the challenges include climate change, pollution, degradation and deletion. Collaboration between stakeholders is necessary to overcome these challenges and accelerate the green energy. For this reason, we need a critical approach to foster cooperation among stake holders and optimize the resource allocation. A fuzzy cooperative game theory model can provide a strong framework to analyse uncertainties, model stakeholder interactions and accelerate the formation of coalitions for joint investments, so that the stakeholders can adequately share the benefits and cost of the project. 

3.1  Fuzzy Cooperative Game Model for Renewable Energy incorporation in Kerala

Kerala is a southwestern coastal state in India having 1% of the total area of the country. The state is isolated from Indian interiors by the mountain range of western ghats. Kerala is a region of great natural beauty. The climate changes from season to season. The state’s economy depends mostly on agriculture. The state has tremendous possibilities of renewable energy resources as
· Solar Energy: Kerala has an average solar radiation of 5.4 kWh/m2 per day making it a viable location for solar energy generation.
· Wind Energy: As of Jan 31, 2024, Kerala has 62.50MW wind capacity.
· Hydropower: Kerala’s hydroelectric power mainly depends on the hydroelectric power as its conventional energy source. As of March 31, 2024, the total installed capacity of hydro stations in Kerala is 2096.36MW with a generation capacity of 7280.21MU.
· Biomass Energy: Some parts of Kerala’s economy depend on the biomass resource such as coconut husk, coir pith, paddy husk, sugarcane waste etc.
· Tide and Waste Energy: The department of Ocean Development has established a 150KW pilot wave energy plant at Vizhinjam, Kerala which is the world’s first power plant to use oscillating water column technology.

3.2 Stake Holders of Renewable Energy in Kerala 
          Some of the main stake holders of renewable energy includes 
· State Government: The main stake holder is the State Government who decides policy making and infrastructure development.
· Local communities: Supports other stake holders by providing land and resources and gets benefitted from the same. 
· Private investors: Main financial and technological investors.
· NGOs: Advocating for sustainability and social welfare.
· Utility Companies: Supports in energy distribution and grid integration

4. NUMERICAL EXAMPLES

 4.1 Partial Coalition
      A partial coalition as a subset of stakeholders can be formed based on a specific interest or specific project. Suppose our focus is on a large-scale project of the development of 50MW offshore wind farm along Kerala’s coastlines. For the renewable energy development in Kerala, we form the following partial coalition.
· State Government(S): As the state government plays a major by providing policy support, subsidies, land clearance etc we will fix the degree of participation called the fuzzy membership as 0.9.
· Private investors(P): Since the financial investment and technology for projects are provided by private investors the degree of participation is fixed as 0.8.
· Utility communities(U): As they ensure distribution of renewable energy the degree of participation is fixed as 0.7. 
Since our focus is on large scale project the stake holders NGOs and local communities can be excluded.
            4.2 Granting Payoff
                    Using fuzzy coalition game principles:
1. Fuzzy Shapley Value: 
· State Government gains a profit based on subsidies supplied and policy influence.
· Due to the financial investment private investors receive a major share of investments.
· Utility companies gain payoff based on energy distribution and grid management 

2. Fuzzy Core: Confirms that all participants receive payoff so that they continue in the coalition.
              4.3   Fuzzy Coalition Value (Fuzzy Characteristic Function)
                       The characteristic function is calculated based on cost savings, efficiency in project 
                        execution and revenue generated and is given by 

                        where f is the total contribution of stakeholders.
The Characteristics function formula for this coalition are given as 

where  membership degrees of stakeholders and  are the worth contributions of each stakeholder.
4.4 Allocating Values 
	For the offshore wind farm the values allocated are 
· State government contribution will be 15 crore including subsidies and regulatory support.
· Private investors contribution will be 85 crore as direct financial investment 
· Utility companies’ contribution will be 45 crores as revenue from distribution.
 Substituting these values the characteristic function of the partial coalition is obtained as 

This is the total worth as the combined benefits generated from the three stakeholders of the partial coalition.
4.5: Payoff Distributions in Partial Coalition.
· Individual Contributions 
 
 
 
· Pairwise Contributions 
 
 
 
· Grand Coalition
 

1. Shapely Value

where N is the set of all players , |N| is the number of players, and  is the size of the subset coalition
a. State Government 
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2. Private Investors 
Marginal Contributions
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3. Utility Companies
Marginal Contributions
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b. Core Value 
The core value refers to the set of outcomes where no group of coalition can deviate from grand coalition to get a better payoff. It is given by 
1. Efficiency = 
  Hence the total benefits are equally distributed among players.
2. Group rationality 
Payoff for any subset players satisfy the following relation which ensures the stability and fairness of the payoff distribution. 
· 
· 
· 

5. CONCLUSION
	 The proposed model provides a theoretical insight into the optimisation of resource allocation, enhancing efficiency and ensuring stability. The study focusses on the relevance of fuzzy coalition formulation and the payoff distribution system such as shapely value and core for ensuring fairness and stability. This also gives the significance of fuzzy logic in addressing partial coalition and uncertainties in stakeholder contributions. The proposed 50 MW offshore wind farm along Kerala's coastline, represents a crucial step toward achieving the state's renewable energy goals. By leveraging a fuzzy cooperative game theory framework, stakeholders such as the state government, private investors, and utility companies can collaborate effectively, accounting for uncertainties and ensuring equitable benefit distribution. By addressing the challenges this model approach offers a scalable framework for renewable energy initiatives contributing to Kerala’s carbon-neutral and energy independent future. 
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