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KEYWORDS ABSTRACT

Microgrid; This paper investigates the problem of optimal electricity pricing in microgrids under government
Fuzzy; subsidies and demand uncertainty. A three-level Stackelberg game model is developed to analyze
Subsidy; Renewable Power; the hierarchical interaction among the key players in the energy market. In this structure, the
Pricing. government acts as the leader, determining the optimal level of subsidy, while the microgrid and

the distribution network operator (DNO) are the followers, each maximizing their respective
profits in response to the subsidy policy. Two distinct scenarios are analyzed. In the centralized
scenario, the government, DNO, and microgrid cooperate to maximize the overall social welfare
and system profit. In contrast, in the decentralized scenario, each entity optimizes its own objective
function independently, and the government strategically adjusts the subsidy to ensure market
stability and efficiency. Numerical analyses demonstrate that increasing the subsidy level
significantly reduces the equilibrium price of electricity, enhances demand, and improves total
social profit. Sensitivity analysis further reveals that parameters such as price elasticity and
investment cost have a strong influence on the optimal prices and profits. The results highlight
that well-designed government subsidies can play a crucial role in promoting sustainable
microgrid development and improving energy market performance.

Extended Abstract

1. Introduction

ith the growing concerns about climate change and the limitations of fossil fuel resources, there has been an increasing

focus on renewable energy sources and distributed generation (DG) systems. Distributed generation centers are

smaller than central power plants and supply energy to their local areas or nearby regions. This proximity helps
minimize energy losses in transmission lines. Although DG systems are not intended to replace central power plants, they
provide a reliable, efficient, and cost-effective method of meeting energy demand. Given the limited availability of land,
increasing energy demand, and environmental impacts, the possibility of adding new central power plants and transmission
lines is rare. Therefore, meeting demand during peak hours becomes a significant challenge. By establishing distributed
generation sources close to consumers, their energy needs can be effectively met. Furthermore, with the growing number of
regulations aimed at minimizing carbon emissions and combating climate change, and the increasing violations of energy sector
regulations, DG systems have gained significant attention.

2. Modeling and formulation
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In this section, a pricing model for microgrids is presented by considering government subsidies for each unit of electricity
sold by distribution companies or microgrids within the power supply network. The present study is based on the model
proposed by [5], in which the interaction between the microgrid and the distribution network operator (DNO) was analyzed
within the framework of a bi-level game. However, the current research introduces several fundamental differences and
conceptual developments compared to that model:

e Incorporating the role of the government into a Stackelberg game, where the government determines the subsidy
level, and the microgrid and DNO respond to this decision.

e  Considering fuzzy demand () to model uncertainty in the electricity market, thereby improving the accuracy of
economic estimations.

e Analyzing two distinct scenarios (centralized and decentralized) instead of a single fixed framework, enabling a
comparison between full cooperation and independent decision-making.

Opverall, although this work is inspired by the theoretical structure of [5], the inclusion of the governmental policy-making
dimension elevates the model from a purely economic interaction to a policy-oriented decision-making framework. The
microgrid consists of renewable energy generators such as solar panels, wind turbines, and others. It first supplies its own
consumption using the electricity generated from its resources, and then sells the surplus electricity to the DNO at the wholesale
price w. The DNO adds a transportation price 1 to the wholesale purchase price and then sells the electricity to the final
consumer. This added amount represents the DNO’s profit. Therefore, the final retail price of electricity sold to consumers is
p =w + 1. Let e denote the subsidy allocated to the distribution network operator, and e' the subsidy allocated to the microgrid.
We assume that the government assigns subsidies to both the wholesale selling price and the transportation price. Consequently,
after the allocation of subsidies, the wholesale and distribution prices become w — e’ and 1 — e, respectively. Here, qo represents
the amount of electricity consumed by the microgrid itself, and h denotes the profit earned by the microgrid per unit of
electricity, which is considered a constant based on real-world conditions.

3. Conclusion

The findings of this study are derived from the numerical results of two simulated scenarios, while several factors—such
as investment costs, risk-averse behavior, and additional incentive mechanisms—were kept outside the scope of the proposed
model. Although the analysis relies on assumptions of complete information and linear demand, the framework can be extended
to settings with stochastic demand or incomplete information, offering valuable opportunities for future research. Moreover,
the robustness of the model’s outcomes could be examined under economic shocks or shifts in subsidy policies to better
understand the stability of the proposed pricing mechanism. Employing multi-period equilibrium formulations or agent-based
simulation approaches may provide a more realistic representation of market dynamics and strategic interactions among
stakeholders. For analytical simplicity and to focus on the role of government subsidies, the study assumes zero generation cost
for renewable energy units within the microgrid. While this assumption is commonly used in theoretical research due to the
negligible marginal cost of solar and wind power after installation, real-world conditions involve maintenance expenses,
operational losses, and efficiency variations. Consequently, the results should be interpreted with these practical limitations in
mind.
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