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Abstract

The purpose of this paper is to use optimization and equilibrium models to
study the behavior of electricity producers in a multilateral oligopoly market
with a competitive margin in which all producers have investment decisions.
Modern wholesale electricity markets often have producers who exercise
market power. The standard method for modeling market power in a
monopoly with a competitive fringe is to use Mixed Complementarity
Problems (MCPs) and conjecture variations. However, such models can lead
to near-optimal behavior for monopolists. To solve this problem, we develop
an equilibrium problem with equilibrium constraints to model an electricity
market structure. It is modeled in the equilibrium of two types of players.
Price-maker companies, which have market power, and price-taking
companies, which do not have the power to impose prices on the market.
The proposed model finds multiple equilibrium for firms' investment and
profit decisions. The model was simulated for 2 price-setting electricity
companies and 2 price-setting electricity companies in Iran. This research
was done in 2022. In this article, the power companies of Isfahan and
Boushehr provinces, which also have power plants, are considered as price
takers, and the power companies of Khouzestan and Hormozgan provinces
are considered as price takers. The presented model shows how it may be
optimal for price-making companies to accept losses in some periods in
order to prevent more investment of price-taking companies in the market.
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Introduction

Iran is currently facing three major evolving issues that could significantly
Modelling electricity markets has attracted much attention in the recent
studies. Optimisation and equilibrium models, in particular, have been
extensively used to provide insights from planning, operations, and
regulatory perspectives. Regulators may use them to monitor market
inefficiencies, profit-maximising generators may use them to devise trading
strategies, while policymakers may use them to test the outcomes of
different proposed policy mechanisms.

The present study aims to develop an Equilibrium Problem with Equilibrium
Constraints (EPEC) to model an electricity market structure. The EPEC
models two types of players: price-making firms, who have market power,
and price-taking firms, who do not. The proposed model considers an
oligopoly with a competitive fringe where all firms have investment
decisions. The results indicate that an EPEC can model investment decisions
in an oligopoly with a competitive fringe more credibly and thus overcome
the myopic behaviour observed in MCPs. The EPEC found multiple
equilibria for investment decisions and firms’ profits. Despite this, market
prices and consumer costs were found to remain relatively constant across
the equilibria. A further contribution of the modelling approach is that it
shows how it may be optimal for price-making firms to accept losses in
some time periods in order to disincentivize price-taking firms from
investing further into the market.

Methodology

A novel mathematical model of an imperfect electricity market, one that is
characterised by an oligopoly with a competitive fringe was developed. Two
types of generating firms; price-making firms, who have market power, and
price-taking firms who do not were modelled. All firms had both investment
and forward generation decisions. The model took the form of an
Equilibrium Problem with Equilibrium Constraints (EPEC), which finds an
equilibrium of multiple bilevel optimisation problems. The bilevel
formulation allowed the optimisation problems of the price-taking firms to
be embedded into the solve the EPEC problem, we utilised the Gauss-Seidel
algorithm. An EPEC problem is a prudent model choice when modelling
investment decisions in an oligopoly with a competitive fringe. This is
because it overcomes modelling issues previously found in the literature and
requires fewer limiting assumptions. However, we note that EPEC problems
can be computationally challenging to solve in comparison to Mixed
Complementarity Problems (MCPs).
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The overall EPEC problem is to find an equilibrium among the MPEC
problem of each price-making firm, which represents a Nash Equilibrium.
Each MPEC problem can be represented as a Mixed Integer Nonlinear
Problem (MINLP), making it computationally difficult to find Nash
Equilibria. To do so, we employ the Gauss-Seidel algorithm (Hori &
Fukushima, 2019). Furthermore, to obtain an initial starting solution for this
algorithm we use the approach taken by Leyffer and Munson (2010) for
solving EPEC problems (henceforth known as the Leyffer-Munson
approach). Both the GuassSeidel algorithm and the Leyffer-Munson
approach are described in detail in this section.

Results and Discussion

The results found multiple market equilibria. This led to varied investment
decisions and profits for the price-making firms. These results will be of
interest to generating firms, particularly those with market power. In fact,
our results indicate that if firms do not expand their generation portfolios,
then they may face profits lower than they would if the market was perfectly
competitive. The results show that may it be optimal for generatingfirms
with market power to occasionally operate some of their generating units at a
loss in the short term in order to make profit in the long term. The driving
factor behind this outcome is the ability of both price-making and price-
taking firms to make investment decisions. The ability of price-taking firms
to invest further into the market motivates the price-making firms to depress
prices in earlier timepoints. This reduces the revenues price-taking firms
could make from new investments and thus prevents them from making such
investments. Such behaviour would not be captured by MCP or cost-
minimisation unit commitment models. Consequently, this result again
highlights the suitability of the EPEC modelling approach and the
importance of including investment decisions in models of oligopolies with
competitive fringes. Fourth, the multiple equilibria also indicate that
generation from existing baseload may be higher in some equilibria
compared with others. Such market outcomes will be of interest to energy
policymakers who are concerned about carbon emission levels. Older
baseload generators tend to be coal-based and thus emit higher levels of
carbon. Consequently, while the market may be indifferent to where the
electricity comes from, policymakers may seek to put measures in places to
encourage the equilibrium outcomes where existing baseload generation is
reduced.
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