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Abstract: Energy is the foundation for human survival and socio-economic development, and
electricity is a key form of energy. Electricity prices are a key factor affecting the interests of various
stakeholders in the electricity market, playing a significant role in the sustainable development
of energy and the environment. As the number of distributed energy resources (DERs) increases,
today’s power systems no longer rely on a vertical market model and fixed electricity pricing scheme
but instead depend on power dispatch and dynamic pricing to match supply and demand. This
can help prevent significant fluctuations in supply–load imbalance and maintain system stability.
Modern power grids have evolved by integrating information, communication, and intelligent
control technologies with traditional power systems, giving rise to the concept of smart electric grids.
Choosing an appropriate pricing scheme to manage large-scale DERs and controllable loads in today’s
power grid become very important. However, the existing literature lacks a comprehensive review of
electricity pricing in power systems and its transformative impact on shaping the energy landscape.
To fill this void, this paper provides a survey on the developments, methods, and frameworks
related to electricity pricing and energy trading. The review mainly considers the development of
pricing in a centralized power grid, peer-to-peer (P2P) and microgrid-to-microgrid (M2M) energy
trading and sharing, and various pricing methods. The review will cover the pricing schemes in
modern power systems, particularly with respect to renewable energy sources (RESs) and batteries,
as well as controllable load applications, and the impact of pricing schemes based on demand-
side ancillary services (DSAS) for grid frequency support. Lastly, this review article describes the
current frameworks and limitations of electricity pricing in the current energy market, as well as
future research directions. This review should offer a great overview and deep insights into today’s
electricity market and how pricing methods will drive and facilitate the future establishment of smart
energy systems.

Keywords: demand-side ancillary services; electricity market; electricity pricing; energy sharing;
peer-to-peer energy trading

1. Introduction

Throughout most of the 20th century, traditional electricity markets were dominated
by vertically integrated monopoly utilities, with consumers paying a fixed price based
on usage. However, the escalating electricity demand has heightened the significance of
optimizing power system management, minimizing costs, and mitigating environmental
pollution. Researchers have developed new frameworks and algorithms to improve the
planning and operation of electricity markets over the years. A single organization no
longer manages the power market but involves various stakeholders, including producers,
distributors, and consumers, who can exchange real-time information [1]. Consumers now
have the capability to monitor their real-time electricity requirements and actively engage
in the dispatch of power within the system.
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In the past decade, DERs have increased significantly, changing the way energy is
produced, transmitted, and consumed. It has increased the number of prosumers who can
both buy and sell energy, resulting in a more decentralized and open power system [2]. With
the integration of renewable energy sources (RESs) into the grid and the transition toward a
low-carbon energy model, adopting new methodologies for pricing energy and enhancing
the flexibility and efficiency of the energy market have become imperative [3]. Demand-side
management is an important approach, with demand response (DR) being a change based
on consumer behavior. As time and electricity prices change, users can alter their electricity
consumption from normal patterns or are encouraged to reduce consumption and receive
rewards when prices are high, or system reliability is threatened [4]. DR has the advantages
of peak shaving, higher RESs utilization, rapid response, and cost reduction [5].

In recent years, the establishment of local energy markets has become essential to
facilitate the direct trading of renewable energy generation among prosumers, eliminat-
ing the need for intermediaries [6]. As a result, P2P energy trading has become a way
for prosumers to participate in electricity markets. P2P allows energy trading between
prosumers and energy sharing, increasing their benefits. P2P energy trading provides users
with greater flexibility, increases the utilization of RES, and improves the reliability and
stability of the power system [7]. There are also some common dynamic pricing schemes in
the power system, including time-of-use pricing, real-time pricing, critical peak pricing,
demand-side bidding, interruptible load compensation pricing, and direct load control [8].
Dynamic pricing tracks future price fluctuations based on overall consumer demand, pro-
moting more energy conservation as higher prices reflect lower consumer demand [9]. In
general, the pricing of the electricity system can be summarized into two methods: One
approach is to implement dynamic pricing, where the price of energy changes is based on
factors such as demand, the availability of renewable energy, and time of day. This would
incentivize consumers to shift their energy usage to times when renewable sources are
abundant, reducing stress on the grid and lowering overall energy costs. Another method
is to use blockchain technology to create a P2P energy trading system, where individuals
and businesses can buy and sell excess energy directly to each other without intermediaries.
This would make the market more decentralized and increase competition, leading to lower
prices and more efficient use of renewable energy.

Existing literature reviews on power system electricity prices have predominantly
focused on aspects such as electricity price prediction algorithms, strategies, and the devel-
opment and status of specific countries. For example, in [10], the authors introduced the
theory of electricity pricing based on economics and the development history of electricity
prices in China. The main discussion is about price-based DR strategies for smart grids and
the current state of research. In [11], the authors assessed the main driving factors of EU
household electricity prices and developed a dynamic panel data model to promote the use
of renewable energy under liberal policies. In [12], the historical demand and supply curves
of the German day-ahead market were analyzed, demonstrating that the integration of
renewable energy greatly reduces electricity prices. These review articles mainly focus on a
country’s electricity price strategy and current situation. The review article in [13] examines
state-of-the-art electricity price forecasting algorithms, compares two prediction models,
and provides datasets for evaluating future electricity price prediction research. In [14],
the authors used neural basis expansion analysis techniques to study electricity price pre-
dictions for a wide range of years in the electricity market and found that the prediction
accuracy of this technique is higher than that of the original prediction model. In [15],
the authors conducted a comparative analysis of MG energy management on different
campuses of different universities, trying to address the uncertainties introduced by RESs
while considering ESSs technologies. In [16], the authors reviewed probabilistic electricity
price forecasting and further expanded on it, and they proposed related usage methods and
measures. However, these articles focus more on reviewing algorithms for electricity price
prediction in power systems. In [17], the authors provided a comprehensive review of P2P
energy sharing and trading, including system configurations and pricing mechanisms. The
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author analyzes the benefits of P2P energy trading, which include the potential to reduce
energy costs, increase the uptake of renewable energy sources, and enhance energy security.
However, the success of these systems also relies on the development of effective pricing
mechanisms that balance the interests of producers, consumers, and distribution network
operators. In [18], the role of energy pricing policies in electricity markets is reviewed,
mainly analyzing aspects such as power supply, possibilities, efficiency, and price structures.
In [19], the authors evaluated pilot test results using a meta-analysis method, analyzing the
impact of various incentive measures (including demographic changes and participants
voluntarily joining) on household electricity consumption behavior. These articles mainly
review pricing policies and mechanisms in the electricity market.

Considering the above, current review articles still lack a comprehensive review of
pricing mechanisms within the context of smart power grids that integrate distributed
energy resources (DERs), loads, and demand-side auxiliary services. Considering this
research gap in the literature, this review article focuses on P2P and M2M energy trading
(and energy sharing) pricing methods. This study will encompass pricing in renewable
energy sources (RESs), energy storage systems (ESSs), applications for controllable loads,
and the provision of demand-side ancillary services (DSAS), exploring their impact on the
pricing scheme within the grid. The main contributions of this paper are as follows:

1. Introduction of the development of power grid pricing in chronological order, from
1989 to the present, and changes in the framework of the electricity market so that
readers can clearly understand the development of the electricity market;

2. A comprehensive review of electricity pricing enables researchers to better identify
current research gaps. These include pricing (and energy sharing)-enabled control
for modern distributed power grids with P2P and M2M energy trading; pricing in
RESs, ESSs, and controllable loads applications; and the impact of DSAS provision on
power pricing schemes;

3. A comprehensive summary of the current pricing framework and limitations of retail
and wholesale markets, with suggestions for future electricity markets and research
directions in this field.

The rest of this paper is organized as follows. Section 2 provides a brief overview
of the development of electricity pricing and the main components of electricity pricing.
Section 3 describes the pricing schemes of P2P and M2M energy trading. Section 4 reviews
the pricing in power grids with RESs using batteries and controllable load applications.
Section 5 presents DSAS provision and its impact on pricing schemes. Section 6 provides
the current pricing framework for retail and wholesale markets and its limitations. Section 7
gives suggestions for future research directions. Finally, conclusions are drawn in Section 8.

2. Development of Pricing in the Power Grid
2.1. Brief History

The continuous changes in the power industry have driven reforms in energy pricing
within the distribution system, improving efficiency while reducing wholesale electricity
costs. Pricing is one of the essential factors in marketing strategies, benefiting stakeholders,
maintaining the balance of the power system, and enabling the creation of new regional
markets using more RESs. This provides more options for electricity access while reducing
carbon emissions [20]. The electricity price reform will also be a great challenge for grid
companies. The opening of the electricity sales market requires grid companies to have high
market competitiveness [21]. In the evolving market environment, power grid companies
have transitioned from a model focused solely on selling electricity to a profit model
centered around electricity transmission and distribution.

The earliest analysis of electricity prices and power market reforms can be found
in [22], which reveals the impact of regulatory reforms on retail prices for industrial cus-
tomers and the ratio of industrial to residential prices from 1986 to 1994. The retail electricity
market expanded, industrial electricity prices fell, but the price difference between indus-
trial and residential users widened, indicating that industrial users benefited from the
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reforms [23]. It was also observed that unbundling electric generation and introducing
wholesale electricity markets did not necessarily lower electricity prices. From 1995 to 2002,
European countries proposed liberalizing markets to provide reliable and secure electricity
supplies, but electricity prices in each market model showed an upward trend despite
increased competition [24]. This trend was partly due to the significant investments needed
to upgrade infrastructure and meet environmental regulations. Additionally, market con-
centration remained high in some countries, limiting the benefits of competition. The
liberalization process also faced opposition from trade unions and some political groups
who feared job losses and the loss of national control over energy resources. It was not
until 2007 that energy reforms impacted household energy prices [25]. Prior to this, the
state-owned electricity company had a monopoly on the energy market and set prices
according to governmental regulations. However, the market was opened for competition,
and private companies were allowed to enter the market. This led to a decrease in electricity
prices for industrial and commercial customers, as the new competition forced the state-
owned electricity company to lower prices in order to remain competitive. However, it took
several years for this to impact household energy prices as the reforms were implemented
gradually. Although unbundling electric generation was not proven to have a significant
effect on household electricity prices, the freedom to choose electricity suppliers was valued
by consumers, leading to price reductions. By 2011, the large-scale integration of RESs
into the grid can lead to changes in electricity prices, but it is not always the case that
consumers profit from using RESs [26]. In some cases, electricity prices may decrease due to
an oversupply of electricity from RESs during high production, but this may not necessarily
translate into lower retail prices for consumers. Additionally, some utility companies
may charge higher rates to customers who use RESs due to the cost of implementing and
maintaining the necessary infrastructure to integrate them into the grid. Therefore, while
integrating RESs can lead to changes in electricity prices, the impact on consumers may
vary depending on the specific circumstances. In 2014, there was a notable discrepancy in
the power system where household electricity prices generally increased despite a decline
in wholesale electricity prices [27]. This divergence can be attributed to the lack of a simul-
taneous competitive marketing scheme in the industry and the government’s regulation of
retail electricity prices, which prevented market forces from influencing them. Moreover,
the lack of competition in the power system created a need for additional incentives for
electricity retailers to lower prices and attract customers. This was exacerbated by the fact
that many households could not switch electricity providers due to contractual obligations
or a lack of awareness of alternative options. In recent years, researchers have proposed
various new electricity price policies and mechanisms to adjust electricity market prices
because there has been a push toward increased competition in the electricity market and
the deregulation of retail prices. This led to more household pricing options and increased
pressure on retailers to provide competitive prices in order to retain customers. In [28], the
authors suggest a combined electricity price and capacity addition tariff as an analytical
approach for evaluating the optimal pricing mechanism for wind and solar energy. The
study concludes that the price of RESs will vary greatly depending on the location and type
of RESs. A dynamic distributed solar energy pricing model is proposed in [29], considering
unit cost, profit, and taxation. This incentive mechanism has resulted in a significant drop
in electricity prices from 2017 to 2020. The authors in [30] conclude that different regional
grids need to provide different price mechanisms. In today’s electricity system, we can
find that wholesale electricity prices can vary widely from hour to hour, and peaks often
occur during peak hours due to the high cost of generating electricity. Almost all end users
are currently charged some fixed rate retail electricity price [31]. However, this will cause
users to consume more electricity during peak hours, introduce high costs to retailers, and
negatively impact the grid. Retailers will therefore want to better allocate electricity at
different times of the day by implementing proper demand-side management. Figure 1
shows important events during the development of electricity pricing.
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2.2. Electricity Price Structure

The electricity price paid by users encompasses not only the cost of energy consump-
tion but also incorporates the power supply fee and service fees associated with energy
usage. The components that contribute to the electricity price are shown in Figure 2.
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A brief description of the main components of electricity price is as follows [32]:

1. Wholesale electricity price: The wholesale electricity price is simply the cost incurred
when preparing to transmit electricity to the user. It includes the cost of generating
electricity, distributing it, and the cost of operating and maintaining transmission
infrastructure. No matter what kind of energy is used (coal and RESs), it will enter
the wholesale market once generated. Wholesale electricity prices are determined
by supply and demand in the wholesale electricity market, which is where energy
producers and retailers buy and sell electricity. Retailers buy electricity from the
wholesale market, where prices are generally set every 30 min but fluctuate based on
supply and demand. The factors that influence wholesale electricity prices include
fuel prices, weather, electricity demand, transmission capacity, and renewable energy
generation.

2. Network costs (poles and wires): The network cost is the cost of the transmission
and distribution network when transmitting energy required by the user to the user’s
place of consumption. It includes the cost of building, operating, maintaining, and
upgrading the infrastructure necessary to transmit and distribute electricity or gas.
Energy suppliers typically charge network costs to cover using the energy grid in
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order to transport energy to customers. Network costs are regulated by regulatory
bodies in each country to ensure that they are fair and transparent and that energy
companies do not overcharge customers. These costs are usually calculated based on
the amount of energy used by customers, as well as the distance between the energy
source and the user’s location. Some factors that can affect network costs include the
age and condition of the infrastructure, the level of demand and consumption, the
cost of raw materials and labor, and the level of investment in new technologies and
renewable energy sources. Reducing network costs is often a key priority for energy
suppliers, as it can help them remain competitive and provide cost-effective energy
solutions to their customers.

3. National government schemes and state or territory government schemes and levies:
Many national and state governments have environmental programs, such as Aus-
tralia’s Large Scale Renewable Energy Target and Small Renewable Energy Plan. The
cost of these government programs can also affect electricity prices for consumers.
However, it is important to note that while these programs may increase electricity
prices in the short term, they are ultimately expected to lead to greater energy ef-
ficiency and a transition toward RESs, which may ultimately reduce prices in the
long term. Furthermore, the cost of environmental damage caused by non-renewable
sources is often not factored into electricity prices, so these programs may lead to cost
savings in the long run by reducing the impact of pollution on public health and other
resources. Overall, government environmental programs can have a complex and
nuanced impact on electricity prices, but they are ultimately a necessary step toward
a more sustainable and equitable energy future.

4. Retail services and other charges: Retail service is the bridge between energy retailers
(such as ActewAGL) for consumers and the wholesale market. Energy retailers buy
electricity for consumers from wholesale markets; arrange their meters, bills, and
connections; and ensure that consumers can better manage their energy throughout
the process. Retail services also offer customers a wide range of energy plans and
options depending on their needs and preferences. They advise on energy efficiency,
RESs, and the latest technologies that can help customers reduce their energy usage
and bills. The retail services team manages customer accounts, billing, customer
service, and support. They provide customers with information on their energy
usage, tariffs, and billing and help them understand their consumption patterns and
habits. Retail services also offer various payment options and plans to help customers
manage their energy bills more effectively. In summary, retail services play a crucial
role in ensuring the smooth and efficient operation of energy markets and in providing
customers with high-quality services and support. Their expertise and knowledge
help customers make informed decisions and take action to reduce their energy usage
and bills while also contributing to a sustainable energy future.

2.3. The Evolution of the Electricity Market

The framework of the electricity market has also changed with the development and
progress of society. For most of the 20th century, the electricity market has operated within
the framework of a monopoly model, as shown in Figure 3a. In this model, a single entity
integrates generation, transmission, and distribution to form vertical marketing [33]. The
monopoly model controls the timing and price strategy of electricity flow in the grid and
has strict rules for transferring electricity. This model has been criticized for its lack of
competition, which can lead to higher prices and lower-quality service. It also discourages
innovation and investment in the sector, as the sole entity may have different incentives
to invest in new technologies or improve existing infrastructure. Additionally, consumers
may not be able to choose their electricity provider or negotiate prices, resulting in limited
options for them. Many countries have moved toward a more competitive market model,
such as a liberalized or deregulated one. In these models, multiple companies are allowed
to participate in the market, which can lead to increased competition, innovation, and
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investment. Consumers may have more options and are able to negotiate prices, leading to
improved overall service. Then, the electricity market framework of the single-buyer model
emerges, as shown in Figure 3b. Independent power producers and existing traditional
power generation companies have generated competition on the power generation side.
Purchasing agencies can purchase electricity from power generation companies or inde-
pendent power producers [34]. However, distribution companies do not have the right to
choose power producers, and they can only follow the policy of the framework. The main
purpose of the single-buyer model is to encourage private participation in the electricity
market. However, its disadvantage is that consumers still need to sign long-term contracts
and are subject to regulated prices. Table 1 compares the advantages and disadvantages of
the monopoly and single-buyer models [33,34].
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Table 1. Advantages and disadvantages of the monopoly and single-buyer models.

Electricity
Markets Model Advantages Disadvantages

Monopoly model

1. Efficient use of resources: The monopoly model
enables a single firm to coordinate all production
activities, ensuring efficient resource use and lower
production costs and prices.
2. Economies of scale: The monopoly model allows
the firm to operate at a larger scale, resulting in
production efficiency and lower costs.

1. Lack of competition: The monopoly model has
been criticized for its lack of competition, which can
lead to higher prices and lower-quality service.
2. Barriers to entry: Monopolies can create barriers
to entry that can limit competition, preventing new
entrants from entering the market and stifling
innovation.
3. Limited consumer choice: Consumers have
limited choice, as only one provider is in the market.
This can lead to a lack of product diversity and
options for consumers.
4. Lack of innovation: Monopolies may not have the
motivation to innovate, given that there is no
competition. This could stall technological
advancements in the industry.
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Table 1. Cont.

Electricity
Markets Model Advantages Disadvantages

Single-buyer
model

1. Reduced transaction costs: In a single-buyer
model, electricity trading occurs between a single
seller and a single buyer. This reduces transaction
costs for both parties as the need to negotiate
multiple contracts is eliminated.
2. Promotes stability: The single-buyer model can
promote stability in the power market by ensuring a
large and consistent demand for electricity. This can
help ensure that power plants are running at optimal
levels, which can reduce prices and increase
efficiency.
3. Encourages investment: The single-buyer model
can also encourage investment in the power sector
by providing investors with a stable and predictable
revenue stream. This is particularly attractive to
investors who may hesitate to invest in a more
volatile market.

1. Risk of inefficiency: The single-buyer model can
also lead to inefficiencies in the power sector. This is
because the buyer may have different incentives
than multiple buyers to negotiate the best prices,
leading to higher prices.
2. Political interference: The single-buyer model can
also be vulnerable to political interference, which
can lead to prioritizing certain projects over others,
even if they are not the most efficient or
cost-effective. This can lead to a suboptimal
allocation of resources in the power sector.
3. Other limits: Consumers still need to sign
long-term contracts and are subjected to regulated
prices.

The current electricity system market consists of a wholesale market model and a
retail market model, as shown in Figures 4 and 5. In the wholesale market model, there
is competition between generators and distributors [35]. Consumers can choose to buy
electricity directly from retailers who buy electricity directly from the electricity generation
company, or they can choose to buy electricity from distributors who buy electricity from
multiple generators and then sell it to consumers. This model allows more competition,
which can lead to lower prices for consumers. However, there are also concerns about
the potential for market manipulation by large distributors and generators. In some cases,
these companies may engage in anti-competitive behavior, such as price-fixing or limiting
the electricity supply to drive up prices. Many countries have implemented regulations
to ensure fair competition in the wholesale electricity market. These regulations may
include measures that prevent market manipulation, increase transparency, and promote
the development of renewable energy sources. In the retail market model, prosumers can
obtain electricity from retailers or between prosumers and RESs (producers) [36]. Retailers
purchase electricity from wholesale markets and sell it to end users, including prosumers.
These retailers often offer fixed or variable rate plans for residential or commercial cus-
tomers, considering factors such as demand, seasonality, and market prices. Prosumers
can also choose to obtain electricity from RESs. They can enter into agreements with RESs
to purchase a set amount of electricity directly, eliminating the need for an intermediary
retailer. In some cases, prosumers may even generate and supply excess electricity back to
the grid, receiving compensation from the retailer or network operator. This model gives
customers the power to choose the seller, and its advantage is that it is more economical
and efficient for consumers to purchase electricity. The downside is that transmission and
distribution costs can increase during peak periods and in remote locations. Overall, the
wholesale market model can effectively provide consumers with affordable electricity while
promoting competition and innovation in the energy industry. However, it is important to
balance the benefits of competition with the need for regulatory oversight to ensure fair
and equitable market practices. The retail market model allows flexibility and provides
choices for prosumers, who can select the most cost-effective and sustainable source of
electricity for their needs.
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3. P2P and M2M Energy Trading and Pricing in the Electricity Market

In recent years, the rapid expansion of distributed energy resources (DERs) has brought
a significant transformation in energy systems, revolutionizing both the production and
consumption of energy. Traditional consumers are gradually becoming prosumers who
can store excess energy in storage devices, feed it back into the grid, or sell it to other
prosumers. Direct energy trading between consumers and prosumers is called P2P energy
trading, which can also be considered energy sharing (essentially free energy trading).
With the advent of P2P energy trading, prosumers can exchange energy without inter-
mediaries, increasing their benefits. A simplified P2P energy trading model diagram is
shown in Figure 6 [37], featuring main participants such as power companies, energy
sharing coordinators, consumers, and prosumers. Consumers can only purchase electricity,
while prosumers can both buy electricity from or sell to other consumers or prosumers.
Energy-sharing coordinators act as a platform for consumers and prosumers in negotiating
energy transactions [38].
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3.1. Pricing Mechanism of P2P and M2M Electricity Trading

P2P and M2M energy trading and sharing pricing mechanisms include auction theory,
bargaining, and game mechanisms based on dynamic pricing models. Auction theory
involves a competitive bidding process where buyers and sellers compete to determine the
market price. This approach is suitable for P2P and M2M energy trading, where participants
bid for the price they are willing to pay for energy. Bargaining is another pricing mechanism
that allows buyers and sellers to negotiate a mutually acceptable price [39]. This approach
is suitable for situations where participants have specific energy requirements and can
negotiate a price that fits their needs. Game mechanisms based on dynamic pricing models
involve setting prices that are dynamically based on market demand and supply. This
approach is suitable when the market is volatile and depends on weather conditions, time
of day, and geographical location. Moreover, for P2P energy sharing in MGs, pricing
mechanisms need to consider factors, such as battery aging, the depreciation of RESs,
energy transmission losses, and the wear and tear of related facilities, to avoid inaccurate
initial pricing [40]. Table 2 summarizes the methods related to pricing mechanisms for P2P
and M2M energy trading and sharing within five years.

Table 2. Pricing mechanisms for P2P and M2M energy trading and sharing.

Pricing Mechanism Brief Description Reference

Marginal pricing

Considering the transaction preference in the
distribution network, a carbon-aware
distribution location marginal pricing scheme for
the distribution system operator’s operation
service pricing scheme is proposed to guide the
P2P trading between producers and consumers.

[41]

A new pricing mechanism (including preference,
uncertainty, and local marginal price) for P2P
energy trading is proposed. These pricing
strategies can overcome current market
uncertainty issues and increase the reliability of
energy trading.

[42]
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Table 2. Cont.

Pricing Mechanism Brief Description Reference

Dynamic pricing

A dynamic pricing mechanism for P2P energy
trading is designed to enable the efficient trading
of on-site energy and contribute to
decarbonization and grid security goals—design
dynamic price policies using multi-agent
reinforcement learning with an open-source
economic simulation framework built by
Salesforce Research.

[43]

A P2P energy trading mechanism for electric
vehicles and solar power businesses is proposed.
The mechanism is based on a dynamic pricing
mechanism developed for storage energy prices.

[44]

A framework for P2P trading prices considering
dynamic retail electricity prices is proposed,
through which prosumers can automatically
generate bids and participate in auctions in P2P
markets.

[45]

Three-part tariff
price

This paper deals with pricing schemes for
utilities and electricity consumers. The utility
determines the time-varying price of
non-renewable energy and the buy-back price of
RESs while maximizing its profit. Electricity
consumers decide whether to become prosumers
according to the pricing policy.

[46]

Game theory

Based on the cooperative game of bargaining, a
pricing mechanism for M2M energy trading is
proposed. Additionally, a fast alternation
method is introduced to solve the energy
management problem of MGs in a decentralized
manner. The results show that MGs can actively
trade with each other and gain economic
benefits.

[47]

An efficient game theory-based approach is
proposed to determine the electricity price
mechanism in direct P2P electricity markets.
Additionally, the participant’s reserved price for
electricity trading is considered to ensure that
the participant’s electricity transaction price is
the best profit price.

[48]

This paper considers two trading scenarios
(smart homes and electric vehicles) and proposes
a generalized Nash bargaining model to obtain
optimal pricing strategies, effectively reducing
overall costs.

[49]

Hybrid pricing

A power price mechanism framework is
designed based on local households, and its
optimization goal is to make the power
distribution of adjacent families more balanced
and stable. The framework utilizes real-time
data from smart meters to monitor the power
consumption of individual households and
adjust the price accordingly.

[50]
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Table 2. Cont.

Pricing Mechanism Brief Description Reference

Decentralized energy
trading mechanism

A decentralized P2P energy trading mechanism
in a distributed manner is proposed to maximize
social welfare. The aim is to create a more
efficient and dynamic energy market driven by
market forces and consumer demand. The
decentralized nature of the system also provides
greater resilience and stability, as it reduces the
risk of power outages and blackouts.

[51]

Feed-in tariff

By studying the techno-economic performance
of renewable energy depreciation in
energy-sharing systems, new energy
management strategies have been proposed to
improve the relative capacity of batteries.

[52]

By reviewing the literature related to the pricing mechanism of P2P and M2M energy
trading, we can see that when the pricing mechanism for P2P energy trading and sharing
appears in the power system, it is expected to revolutionize the way energy is bought
and sold, enabling consumers to trade excess energy with each other via a decentralized
platform. The pricing mechanism for P2P energy trading and sharing will be based on a
market system, with consumers that are able to set prices for the energy they generate and
consume. This will enable them to obtain the best value for their energy resources, and
they are incentivized using RESs. The pricing mechanism will also consider factors such as
the time of day and seasonal variations, as well as the level of demand in the market. This
will ensure that consumers can sell their energy when prices are high and buy when prices
are low. Ultimately, introducing P2P energy trading and sharing will create a more efficient
and sustainable energy system, with consumers able to take control of their energy usage
and make informed decisions about their energy needs. This will also enable the transition
toward a more decentralized and decentralized energy system, with consumers becoming
active participants in the energy market. In summary, P2P and M2M energy trading and
sharing pricing mechanisms depend on various factors, including the market structure,
participants’ requirements, and market volatility. Dynamic pricing models and auction
theory can help optimize the trading process while ensuring fair prices for all participants.

3.2. Recent Development of P2P and M2M Energy Trading and Sharing

In recent years, researchers’ studies on P2P and M2M energy trading mechanisms
in the power system have mainly focused on the following: energy trading platforms (al-
lowing storage and trading), blockchain (equivalent to a distributed database), simulation
experiments (to verify P2P energy trading mechanism), game theory (used to simulate the
behavior of participants), optimization mechanism, algorithm, pricing mechanism, market
design, and market regulation. These research areas aim to develop efficient, reliable, and
scalable P2P and M2M energy trading mechanisms that can improve the overall perfor-
mance of the electricity market and satisfy the needs of various stakeholders, including
producers, consumers, and grid operators [53]. Some of the specific research topics that
have emerged in recent years include peer-to-peer energy trading platforms based on
blockchain technology; simulation experiments to evaluate the performance of different
trading mechanisms; game-theoretic models to capture the strategic interactions among
market participants; optimization algorithms to optimize the allocation and pricing of
energy resources; pricing mechanisms that reflect the real-time value of electricity; market
designs that balance the competing objectives of efficiency, fairness, and sustainability; and
regulatory frameworks that ensure the security, privacy, and interoperability of energy mar-
kets. Table 3 summarizes the methods related to P2P and M2M energy trading mechanisms
in the past five years.
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Table 3. Methods of P2P and M2M energy trading and sharing.

Methods Brief Description Reference

Multi-leader and
multi-follower
Stackelberg game

A two-stage P2P energy trading market is
proposed. In the first stage, a multi-leader and
multi-follower Stackelberg game establishes a
comprehensive P2P market. In the second stage,
network reconstruction is considered.

[53]

A P2P energy trading market strategy is proposed
based on the blockchain, and the Stackelberg game
is used to establish leaders and followers. This
strategy considers the market’s supply and
demand and provides accurate energy transfer
signals, facilitating transactions between MG.

[54]

Cooperative game
theory and blockchain

A P2P energy trading mechanism combining
cooperative game theory and blockchain is
proposed and verified by conducting
comprehensive theoretical analysis and simulation
experiments using a standard IEEE 14 bus system
and real datasets.

[55]

Blockchain platform

A credit-based P2P electricity trading model in a
blockchain environment is proposed to facilitate
the local trading of RESs. The model is based on a
blockchain platform where each participant is
registered as a node and has a digital wallet. Each
RES is equipped with a smart meter measuring
production and consumption. In this model,
participants can sell their excess electricity to other
participating nodes or use it to offset their
consumption.

[56]

Blockchain technology
and smart contract

A P2P multi-energy market trading mechanism is
proposed, which can simultaneously generate
electricity and heat from RESs and enable users to
trade their excess energy in a decentralized
manner. The proposed mechanism utilizes
blockchain technology to ensure secure and
transparent transactions and smart contracts to
automate the trading process. The trading
mechanism is based on a bidding system, where
users can place bids to buy or sell energy based on
their energy needs or availability. Smart contracts
automate the trading process, eliminating the need
for manual intervention and ensuring that
transactions are executed automatically when
predefined conditions are met.

[57]

Distributed ledger
technology

A P2P electricity trading method based on
intelligent interconnection multi-regional
regulatory distributed ledger technology is
proposed, which promotes the reliability of P2P
trading.

[58]

Decentralized market
clearing

A new decentralized P2P energy trading platform
is proposed. It mainly includes the market layer
and the blockchain layer. The market layer is
mainly used for transactions and clearing, while
the blockchain layer is used for real-time
settlement, and platform simulation experiments
have been carried out.

[59]
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Table 3. Cont.

Methods Brief Description Reference

Nash non-cooperative
game

A Nash non-cooperative game P2P energy trading
model based on residential and commercial
prosumers is proposed to achieve price fairness in
multi-energy transactions. This model considers
the dynamics of the energy market, the energy
consumption patterns of prosumers, and RES
generation, which influences the energy supply.
Prosumers with excess energy can sell it to other
prosumers by using a blockchain-based
decentralized platform, and buyers can purchase
energy from the corresponding sellers by using the
platform.

[60]

Stochastic
decision-making

framework and bilateral
contracts

Using a stochastic decision-making framework
and in the case of a P2P energy trading mechanism
based on bilateral contracts, electricity is
purchased from wind generators, and stored
electricity is sold. Maximizing the profit of the
upper wind power generators via a two-level
stochastic model also minimizes the cost of the DR
aggregator in the lower layer.

[61]

Double auction

A local electricity trading platform is proposed,
which is based on the blockchain-distributed P2P
double auction transaction mechanism, and the
impact of trading mechanisms on distribution
network control, operation, and planning is
analyzed.

[62]

Cooperative game

An algorithm for local power exchange based on
cooperative game theory has been proposed,
which combines incentive mechanisms to facilitate
M2M energy trading among local prosumers. The
algorithm aims to maximize the community’s
social welfare by efficiently allocating energy
trades and balancing energy demand and supply.
The proposed algorithm provides a framework for
efficient and fair M2M energy trading among local
prosumers, leading to cost savings, reduced
carbon footprint, and increased grid resilience.

[63]

Game-theoretic and a
motivational psychology

framework

A game-theoretic P2P energy trading scheme is
developed, and a motivational psychology
framework is introduced to analyze the
psychological motivations of prosumers before
they are persuaded to participate in energy
trading.

[64]

By reviewing the research on P2P and M2M energy trading mechanisms or methods
in power systems, we can observe the following: There is great interest in developing novel
approaches to enable P2P and M2M energy trading methods in power systems. Blockchain
technology is a promising solution for implementing P2P energy trading mechanisms
due to its decentralized nature, security, and transparency. Various market mechanisms,
such as auctions, negotiations, and smart contracts, have been proposed to implement P2P
and M2M energy trading in power systems. Machine learning and artificial intelligence
techniques have been explored to facilitate efficient trading mechanisms and enhance
the reliability of energy trading systems. Integrating RESs and ESSs into energy trading
frameworks can help improve efficiency and reduce energy costs. Standards and protocols
for data exchange and communication are crucial for developing reliable and secure P2P and
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M2M energy trading mechanisms in power systems. Overall, the research suggests that P2P
and M2M energy trading mechanisms have the potential to revolutionize the energy market
and provide significant benefits to consumers, producers, and the environment. However,
further research and development are needed to overcome the technical, regulatory, and
economic challenges associated with implementing these mechanisms.

4. Pricing in RESs, ESSs, and Controllable Loads Applications
4.1. Pricing Model in Today’s Smart Grid

The pricing mechanism mainly considers the following principles: the price should be
between on-grid and public electricity prices. Based on the basic principles of economics,
price is inversely proportional to the ratio of supply and demand and must always maintain
an economic balance [63]. Supply and demand are basic concepts in economics and play
a crucial role in determining the price of goods and services. The law of supply states
that the quantity of an interest supplied will generally increase as the price of the good
increases, while the law of demand states that the quantity of a suitable demand will
generally decrease as the price increases [64]. The supply and demand relationship reflects
the pricing basis that all producers and consumers can jointly determine in a market. When
the demand for electricity increases, the price tends to increase as generators struggle to
keep up with the increased demand. Conversely, when there is less demand for electricity,
the price tends to fall as generators try to attract more buyers. The relationship between
supply and demand can significantly impact the economy. A surplus of energy can lead
to lower prices and profits for producers, while a shortage can lead to higher prices and
potentially higher profits. Therefore, producers must monitor the energy demand closely
and adjust their production and pricing strategies accordingly. Similarly, consumers also
need to assess the energy price and determine whether it is reasonable based on their
perceived value and willingness to pay. Ultimately, an equilibrium is reached when the
price of energy satisfies both the producers and consumers in a market.

The ratio of total electricity sales to total electricity purchases can express the sup-
ply and demand relationship [65]. The supply and demand ratio varies over time and
is inversely proportional to price. When the supply–demand ratio is zero, there is no
producer or consumer that sells electricity, and individuals can only purchase the required
energy from the public grid. When the supply–demand ratio is equal to or greater than 1,
this indicates an excess of electricity in the system, which needs to be sold back to the
utility grid. The selling price between the prosumer and the public grid will dynamically
change when the supply–demand ratio falls within the range of zero and one. If there
is no excess electricity trading, it can only be purchased from the public grid. From the
perspective of prosumers, if supply and demand are relatively small, buyers hope to reduce
electricity consumption at a lower purchase price, and sellers also hope to reduce electricity
consumption to sell more energy. Conversely, if the supply–demand ratio is large, sellers
will increase power consumption for higher selling prices, and buyers will increase power
consumption for more energy. Pricing in this model logically appeals to prosumers via DR.

In the case of electricity pricing, supply and demand factors are influenced by various
factors such as weather conditions, time of day, season, and overall economic conditions [66].
When there is excess demand for electricity, the price of electricity tends to increase, while
when there is excess supply, the price tends to decrease. In the case of RESs, the pricing
mechanism should also consider the energy source’s environmental benefits and long-
term sustainability. Ultimately, the pricing mechanism must balance promoting efficient
consumption and ensuring that electricity remains accessible and affordable for all.

4.2. Photovoltaic Prosumers

According to the feed-in tariffs of many countries, a typical photovoltaic prosumer
metering configuration is two independent meters: one for photovoltaic power generation
metering and one for a two-way measurement of the import and export of photovoltaic
producers and consumers [67]. The photovoltaic power generation meter measures the
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amount of electricity generated by the photovoltaic system and is typically installed be-
tween photovoltaic panels and an inverter. This meter provides information on the amount
of electricity generated from the photovoltaic system, which is used to calculate the feed-in
tariff payment. The two-way meter measures the electricity consumed from the grid and
the amount of electricity exported back to the grid by the photovoltaic prosumer. This meter
is typically installed at the connection point between the prosumer’s electrical installation
and the grid. This meter provides information on the amount of electricity consumed from
the grid and the amount of electricity exported to the grid, which are used to calculate the
net electricity consumption and the feed-in tariff payment [68]. The photovoltaic prosumer
pays for the electricity consumed from the grid and receives payment for the electricity
exported back to the grid at a feed-in tariff rate. The feed-in tariff rate is typically higher
than the retail electricity rate, incentivizing prosumers to generate more electricity from
their photovoltaic system than they consume from the grid [69]. The prices designed
for photovoltaic producers and consumers are power generation and import and export
prices. The price of power generation is set according to the total power generation (self-
consumption and public use) of the photovoltaic system, and the export price is usually
lower than the import price. For this feed-in tariff, the self-use of photovoltaic energy is
greatly encouraged.

Each photovoltaic prosumer consists of photovoltaic systems, energy management
systems, controllable loads, and smart meters [70]. The photovoltaic system is a technology
that converts sunlight into electricity. It consists of photovoltaic modules, inverters, and
other components that ensure proper functioning. The energy management system is
responsible for optimizing the energy generated by the photovoltaic system. It can monitor
energy consumption, adjust loads based on demand, and store surplus energy. Controllable
loads are appliances or devices that can be turned on or off based on energy availability.
Smart meters measure energy consumption and production and transmit real-time data
to the energy management system. It helps prosumers optimize their energy usage and
enables energy providers to manage the grid efficiently. Photovoltaic prosumers can share
excess energy between prosumers instead of trading directly with the public grid. The
difference between PV prosumers comes from their different load curves and PV capacity
so that they can be shared in the MG. In the energy trading system, there will be an
intermediate person in charge of maintaining the balance of electricity and payment in
the energy trading system. The person in charge buys electricity from the utility grid or
photovoltaic prosumers with surplus power and then sells the electricity to other prosumers
or the utility grid. Although feed-in tariffs can provide the basic impetus for energy
transactions, an appropriate pricing mechanism is still required. Because electricity price is
the basic requirement of prosumer billing, DR based on dynamic pricing is conducive to
improving the utilization rate of photovoltaic energy.

Load forecasting technology is based on previous data, weather conditions, and RES
availability in predicting the system’s future energy demand. Load forecasting directed at
the primary user aims to better forecast the future load of a given system over a specific time
in order to ensure a balance between energy supply and demand. Demand forecasting is a
key parameter for power system operation and planning. Larger errors in the forecasting
model will increase operating costs, so an accurate load forecasting model becomes very
important. The most used forecasting methods are multiple linear regression, stochastic
time series, exponential smoothing, state space and Kalman filters, and artificial neural
networks [71]. The battery controller only receives the electronic speed controller’s control
signal without considering the prosumer’s net load [72]. For example, a battery may be
discharged when the prosumer has excess photovoltaic generation. For instance, the battery
may be discharged when the prosumer has excess photovoltaic generation. It can lead to
inefficient battery use and potential loss of energy. Therefore, it is important to integrate a
load controller that considers the prosumer’s net load. This load controller can adjust the
battery’s charging and discharging rate based on the net load, optimizing the use of the
battery, and ensuring maximum energy efficiency. Additionally, incorporating an energy
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management system can help monitor and regulate the overall energy consumption of the
prosumer’s home, helping them further reduce their energy expenses.

5. Pricing in Smart Grid with Demand-Side Ancillary Services Provision

Enabled by the growing installed capacities of DERs and energy storage systems,
demand-side ancillary service provision from prosumers can help maintain the stability
of the power system. This is achieved by actively controlling the energy assets at the
demand side to follow the regulation curve sent by the grid operator. The regulation
curve is essentially a frequency control signal, resulting from the area control error in a
power system. Hence, following the regulation curve will help stabilize the grid frequency
upon events such as sudden load changes and/or generator malfunctions. To motivate the
prosumers to participate in the DSAS, the grid operator establishes incentive schemes that
reward the entities that can provide DSAD. This involves an advanced pricing scheme for
incentivization [73–75].

DR refers to the practice of managing electricity consumption in response to grid
conditions, such as price, to balance demand and supply [76]. It is a flexible approach
that allows consumers to reduce their energy consumption during peak hours voluntarily
or when there is a supply shortage in the grid. It can help maintain grid stability, reduce
the risk of blackouts, and avoid constructing additional power generators in order to
meet peak demands. DR can also help reduce energy costs for consumers and improve
energy efficiency by incentivizing them to use energy more wisely. Thus, it has become an
important tool for grid operators and policymakers to manage the energy system.

D-FCAS, as a type of DR, comprises the active participation of electricity prosumers in
providing ancillary services to help maintain the stability and reliability of the power grid.
When there is a sudden increase or decrease in electricity demand or unexpected changes
in the power output from DERs, D-FCAS can help mitigate the impact by rapidly adjusting
electricity consumption to help balance supply and demand. This means that prosumers
are actively involved in managing the power system. Demand-side management programs,
including DR, time-of-use tariffs, and energy efficiency measures, incentivize prosumers
to participate in providing ancillary services [77]. With the growing penetration of RESs,
D-FCAS is becoming increasingly important with respect to maintaining the stability and
reliability of the power grid and supporting the transition to a low-carbon energy system.

DSAS is important to both the supply and demand sides of the electricity market
and is conducive to the interactions between the two parties. Therefore, it is necessary to
formulate a pricing strategy for DSAS. This pricing strategy for DSAS should consider the
cost of providing the service, the level of demand, the value of the service, competition,
and regulatory requirements [78]. The cost of service provision includes equipment, main-
tenance, and labor. The price should be set to cover these costs and provide a reasonable
profit margin for service providers. The level of demand for DSAS is an important factor
in setting prices. If demand is high, the price may be higher, whereas if demand is low,
the price may need to be lowered to encourage more participation. The value of DSAS
to the electricity market should also be considered. For example, if the service helps to
stabilize the grid and prevent blackouts, the price can be higher. Competition between
service providers can also affect pricing. If many service providers offer the same service,
prices may need to be lower to remain competitive. Regulatory requirements may also
impact pricing. For example, if regulations require a certain level of participation in DSAS,
prices may be lower to encourage more participation. By considering these factors, service
providers can set fair and competitive prices while still covering costs and providing a
reasonable profit margin.

5.1. Market Structure and Pricing

The market structure of DR is modelled based on the PJM electricity market [79]
containing both day-ahead and hour-ahead decision-making processes. Prices are utilized
to incentivize consumers to adjust their electrical loads and actively participate in the
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electricity market, facilitating DSAS and peak shaving. The PJM electricity market is an
organized wholesale market that provides electricity to customers [80]. It operates as a
competitive market where the price of electricity is determined by the supply and demand
of electricity in real time. In this market structure, DR programs aim to manage peak
demand by incentivizing customers to shift their electricity usage to times when electricity
is cheaper, and demand is lower. By following this incentive, consumers can participate in
the electricity market by reducing their demand during peak hours and increasing it during
off-peak hours [81]. This creates a more efficient market by reducing the need for additional
generation capacity during peak hours, and this reduces the likelihood of blackouts or
power grid failures. DR programs enable consumers to benefit financially by reducing
their electricity bills and participating in the electricity market. The programs also provide
improved grid reliability, which helps utilities avoid investing in costly infrastructure
upgrades. Encouraging participation in DR programs makes it possible to optimize the use
of existing resources to meet the electricity demand and reduce the environmental impact
of electricity use. The market structure of DR is based on the PJM electricity market, where
prices are used to encourage consumers to participate in DR programs and manage peak
demand. This enables DSAS and peak shaving, which creates a more efficient and less
costly electricity market. By encouraging participation in DR programs, it is possible to
optimize the use of existing resources, reduce the environmental impact of electricity use,
and maintain grid reliability.

DR can be divided into economy-based and incentive-based DR. In the economy-based
DR, the system operator will design different electricity price structures to motivate differ-
ent types of users, such as residential and industrial [82]. Users can change their energy
consumption patterns according to the pricing framework. End users are encouraged to
participate in the DSAS scheme to reduce consumption when electricity prices increase and
ensure safety and stability in the event of insufficient or faulty generation [83]. Figure 7
illustrates the implementation of DR among the main players in the power system. Genera-
tors and retail markets submit quotations to the wholesale market, which then provides
market-clearing prices to both parties. These market-clearing prices reflect the prevailing
supply and demand conditions of the wholesale market at a given time and are typically
used as the basis for setting retail prices for electricity. In other words, generators and
retailers submit their bids and offers to the wholesale market, and the market determines
the price at which the energy will be sold. This price is based on some factors, including
the cost of production, transmission and distribution, fuel prices, and market conditions.
Retailers will then use this wholesale price as a starting point for setting their retail prices
while considering their own costs and profit margins. Ultimately, the end user pays their
energy bills based on this retail price, which is influenced by the wholesale market-clearing
price. The user’s participation in DR is the need to receive the information of the predicted
price. Then, the user coordinates with the aggregator to achieve the global goal of reducing
energy consumption. The user’s participation is crucial to the success of DR programs,
as it allows utilities to balance the supply and demand more effectively. This ultimately
helps prevent power outages and reduces the cost of energy for everyone involved [67].
Additionally, users may be incentivized to participate in DR programs via other financial
incentives. The DR of network integration is expected to minimize the cost of purchasing
energy from the wholesale electricity market, network losses, and associated risk costs. It is
achieved by optimizing the operation of assets and infrastructure, such as generators, stor-
age systems, and transmission lines, and by leveraging advanced technology, data analytics,
and modeling techniques to forecast demand and manage supply. Table 4 summarizes the
research on pricing schemes related to DSAS within the past five years.
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Table 4. Pricing strategies related to DSAS.

Pricing Strategies
(Objectives) Brief Description Reference

Balance the supply and
demand and minimize

the cost of energy

A novel demand-side management
framework is developed. The aggregator sets
energy prices for flexible customers based on
the predicted energy demand for the
upcoming day. They then use a real-time
market monitoring algorithm to adjust prices
throughout the day in response to changes in
market demand. The aggregator also buys
energy from the day-ahead market, aiming to
balance the supply and demand and
minimize the cost of energy.

[84]

Increase user
participation

User-centered design is an approach in which
users’ needs, preferences, and behaviors are
considered in the design process. When
designing a DSAS, it is important to consider
the willingness of users to pay for the service
and their time. Considering these factors,
they can make the program more appealing
and increase user participation, ultimately
leading to a more effective DR program.

[85]

Manage flexible load
requirements optimally

Combined with the time-of-use pricing
strategy, a consumer perception pricing
strategy (residential DR pricing strategy) is
proposed. Each customer will receive
electricity price signals based on their load
requirements to manage flexible load
requirements optimally.

[86]

Obtain optimal power
supply and

consumption strategies

A distributed real-time pricing strategy is
proposed considering supply and demand
interests. Real-time pricing is determined via
information interaction between users and
suppliers to obtain optimal power supply
and consumption strategies.

[87]



Designs 2023, 7, 76 20 of 29

Table 4. Cont.

Pricing Strategies
(Objectives) Brief Description Reference

Reducing electricity
usage during peak

periods

A home energy management system
introduces dynamic pricing to incentivize
consumers to change how they operate on
the user side, reducing electricity usage
during peak periods.

[88]

Make electricity price
forecasts more accurate

A dynamic pricing mechanism and a
demand response program for industrial
parks are proposed, and a dynamic price
forecasting model uses long short-term
memory technology to predict electricity
prices with high accuracy. This technology
can process large amounts of data and can
detect patterns and trends that may
otherwise be missed by traditional
forecasting methods.

[89]

Benefit all stakeholders

A multi-objective optimization model for the
dynamic price considering DR and multiple
stakeholders’ preferences. Optimizing
supply and demand parties to jointly
formulate dynamic prices and obtain
dynamic price control strategies for different
stakeholders in different situations.

[90]

Reducing peak demand

A model of residential DR based on real-time
locational marginal price is proposed. This
model utilizes real-time price signals to
incentivize residential consumers to adjust
their energy consumption patterns, reducing
peak demand. The model considers
location-specific prices, which indicate the
cost of supplying energy to a particular
location at a given time.

[91]

Improve market
profitability

A probability distribution function of market
price based on the demand–price allocation
curve is proposed to estimate the optimal
pricing method for retailers in the electricity
market. Mainly considers the profitability of
the retailer and the market-clearing price for
bidding.

[92]

Reduce consumer costs

A reverse optimization pricing method is
developed based on DSAS and day-ahead
markets. Estimates the cost function of other
consumers given historical market clearing
prices and the capacity to generate electricity
and then bids strategically based on these
data.

[93]

5.2. Impact on Pricing Schemes

Table 5 shows the main positive impacts and limitations of DSAS on the electricity
price scheme of the power system [10,94,95].
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Table 5. DSAS impact on the pricing scheme in the power system.

Positive Limitation

Cost reduction: DR programs encourage
customers to reduce their electricity
consumption during peak hours in exchange
for incentives or lower rates.

The increased cost of electricity: DSAS can
increase the cost of electricity by requiring
additional resources to maintain power quality
and reliability.

Improved grid stability: The grid’s stability is
improved by using DSAS, as they allow grid
operators to manage electricity demand and
supply better.

Distorted pricing signals: Ancillary services
can distort the pricing signals in power
markets, leading to market inefficiencies and
resulting in sub-optimal allocation of resources.

Increased reliability: DSAS can increase the
grid’s reliability, as they can help prevent
blackouts and other power disruptions by
reducing demand during peak hours.

Uncertainty in market planning: This can result
in increased investment costs in the short term
to ensure adequate ancillary service capacity as
well as the overbuilding of resources to ensure
adequate capacity.

Encouraging RESs: DSAS can also encourage
the use of RESs, and DASA refers to the ability
to manage and adjust electricity consumption
in real time to match the fluctuating electricity
supply from variable RESs.

Reduced market competition: Ancillary
services can disincentivize entry into the power
market, as potential competitors may view the
regulatory requirements surrounding ancillary
services as too onerous or costly.

Enhanced energy efficiency: DSAS also
supports energy efficiency by promoting
energy conservation and reducing energy
waste during peak hours.

Increased regulatory complexity: Ancillary
services can also add to the regulatory
complexity of power markets, requiring
additional oversight and reporting
requirements.

While DASA may introduce certain restrictions on power system pricing schemes, it is
essential for the sustainability of the electricity market as they promote grid stability, energy
efficiency, and RESs while reducing electricity price volatility and achieving environmental
sustainability. DSAS allows for managing and controlling electricity supply and demand
by integrating technologies such as energy storage, smart meters, and advanced control
systems. With the growing adoption of renewable energy sources, DSAS is becoming
increasingly important in ensuring the effective integration, management, and optimization
of variable, intermittent sources into the grid.

6. Pricing Framework in Retail and Wholesale Markets in the Modern Smart Grid

The modern power trading market mainly comprises two types of markets: the
wholesale market and the retail market. Wholesale market participants buy electricity
from utility providers and sell it to retailers at wholesale prices that are generally not
predictable due to fluctuations in supply and demand [96]. These participants include
power generators, wholesale energy traders, and energy brokers. The wholesale electricity
market plays a critical role in ensuring a reliable and affordable electricity supply for
consumers. Providing a platform for energy trading, it allows for efficient price discovery
and the allocation of resources. Participants in the wholesale market must navigate complex
regulations and manage risk associated with market volatility. They also play a key role in
facilitating RESs integration and DR programs. Wholesalers need to maintain relationships
with their suppliers and retailers to ensure consistent supply and demand for their products.
Whereas retailers profit by buying from wholesalers at variable prices and selling to end
users at a fixed price in the retail market, wholesalers’ profit by buying products in bulk at
a lower price and selling them to retailers at a slightly higher price [97]. It allows retailers
to purchase products at a price that allows them to profit while offering competitive prices
to end users. It is necessary to establish various electricity price frameworks and evaluate
the market to ensure good and potential energy transactions.
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6.1. Pricing Framework in the Retail and Wholesale Markets

The setting of the pricing framework depends on the network’s characteristics and
the pricing strategy. Some current pricing models include unified pricing, block pricing,
seasonal pricing, time-of-use pricing, peak hour pricing, key peak pricing, and real-time
pricing. The setting of the pricing framework for power distribution is typically influenced
by factors such as the type of customers being served (e.g., residential, commercial, or
industrial), the level of demand for electricity in the area, the cost of delivering power to
different areas, and regulatory requirements [98]. In general, the goal of setting a pricing
framework for power distribution is to ensure that prices are set at a level that covers
the cost of delivering electricity while encouraging the efficient use of the network and
minimizing the impact on consumers.

Flat pricing means that even if demand changes, the price remains the same, and
consumers will not pay high electricity bills for using electricity that was not planned or
used during peak demand times [99]. Utility companies typically use this type of pricing
for residential and small commercial customers. Flat pricing can give customers a sense
of stability and predictability in their monthly bills, as they will always know what their
electricity costs will be regardless of the time of day or year. However, it may not incentivize
customers to reduce their energy usage during peak demand times, which can lead to
increased strain on the electric grid during these times. This pricing strategy has a negative
impact on utilities because their consumers pay the same rate for electricity no matter how
much energy is consumed [100]. Block pricing helps segment consumers based on their
electricity usage, and sloped rates increase prices as consumption increases while declining
schemes have the opposite effects [101]. Utility companies can use this pricing strategy
to encourage energy conservation among high-usage customers. For example, a utility
company might have a block pricing system where the first 500 kilowatt hours (kWh) of
electricity used monthly is charged at a lower rate: for example, USD 0.10 per kWh. Any
usage above that amount is charged at a higher rate: for example, USD 0.20 per kWh.
This encourages customers to use less electricity to stay within the lower-priced block. A
declining scheme could also be used where the price per kWh decreases as usage increases.
For instance, the first 200 kWh may be charged at USD 0.15 per kWh, the next 300 kWh
may be charged at USD 0.12 per kWh, and anything above 500 kWh may be charged at
USD 0.10 per kWh. This may encourage customers to use more electricity since the cost per
kWh decreases as usage increases. Overall, block pricing helps segment consumers based
on their electricity usage, encouraging those who use more energy to conserve and those
who use less energy to consume more without incurring higher costs.

Seasonal pricing means that electricity prices are priced according to different seasons
to meet different needs in different seasons [46]. This is usually carried out to reflect changes
in demand for electricity caused by changes in weather patterns, economic activities,
and other factors that affect consumers’ energy consumption [85]. During peak seasons,
especially in summer and winter, electricity demand is usually high due to the increased
use of air conditioners, electric heaters, and other appliances. To balance the demand and
supply of electricity, power companies usually charge higher prices during these periods to
discourage excessive energy usage and help maintain a consistent electricity supply. On
the other hand, during off-peak seasons such as spring and fall, when electricity demand is
usually lower, power companies may offer lower prices to encourage energy consumption
and utilization and avoid having an oversupply of electricity. Overall, seasonal pricing
helps balance electricity demand, reduce energy wastage, and ensure that the electricity
supply remains reliable and sustainable over time. Time-of-use pricing is a pre-declared
price that varies depending on the time of day [102]. Electricity prices increase during
peak load hours and decrease during off-peak load hours, encouraging customers to use
electricity during non-peak hours when the demand for electricity is lower. This pricing
strategy is designed to help utilities manage electricity demand and avoid overloading
the power grid during peak demand periods [103]. This also helps create a fair pricing
structure for customers who use electricity during off-peak hours. Time-of-use pricing can
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benefit customers who are able to shift their electricity usage to off-peak hours, reducing
their overall electricity costs. However, it can be a challenge for customers who cannot
easily shift their usage. Peak hour pricing electricity costs are much higher than at other
times of the day. The difference from segment pricing is that the duration of peak hour
pricing is shorter [104]. It typically applies only during certain times of the day when
electricity demand is highest. This type of pricing is designed to encourage consumers to
reduce their electricity usage during peak times, which helps reduce strain on the grid and
prevent blackouts. Consumers can avoid high peak-hour prices by shifting their electricity
usage to off-peak times. Many utilities also offer programs that allow customers to enroll in
special rate plans that offer lower prices during off-peak hours [105]. Critical peak pricing
is a dynamic pricing strategy in which utilities increase electricity prices in response to
wholesale market price increases or emergencies, such as high demand or transmission
constraints [84]. Critical peak pricing aims to reduce peak demand, avoid blackouts or
brownouts, and minimize the need for expensive upgrades to the electricity grid. Utilities
can reduce the strain on the grid by incentivizing consumers to lower their electricity
usage during peak hours and maintain a more stable and efficient system. To participate
in critical peak pricing programs, consumers typically need to enroll and agree to reduce
their electricity usage during peak hours. Utilities may incentivize participants, such as bill
credits or reduced rates during non-peak hours.

Real-time pricing is a pricing model that adjusts prices based on real-time market
conditions [106]. In the case of energy usage, real-time pricing means that the cost of
electricity changes regularly throughout the day as demand and supply change. For
consumers, electricity may be cheaper during off-peak hours when demand is low and
more expensive during peak hours when demand is high. Real-time pricing has been
observed to encourage consumers to be more mindful of their energy use and to shift
their consumption to times when it is less expensive, ultimately reducing energy demand
during peak times. It also encourages energy providers to invest in RESs in order to reduce
reliance on fossil fuels during peak hours, as prices for non-renewable energy sources can
become prohibitively expensive. A brief scheme of real-time pricing is shown in Figure 8.
The current research on real-time pricing mainly focuses on the following three aspects.
The first is to focus on how users respond to real-time prices and realize demand with
lower electricity prices. The second is to focus on real-time retail prices, regardless of users.
The last aspect is to set the real-time retail electricity price based on users and retailers,
matching supply and demand [106].
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6.2. Limitation in Electricity Retail and Wholesale Markets

The limitations of the pricing framework for retail and wholesale markets in modern
smart grids are as follows [107,108]:
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• Lack of flexibility: The traditional pricing framework is rigid and lacks the flexibility
to accommodate changes in customers’ behavior and preferences. It cannot adapt to
the dynamic energy demand and supply patterns in modern smart grids.

• Complexity: Pricing frameworks for smart grids are often complex and difficult to
understand for the average consumer. This creates confusion and may discourage
them from adopting energy-efficient practices.

• Inequity: Pricing frameworks may lead to inequity in terms of cost-sharing among
customers, especially those who cannot afford to invest in energy-efficient appliances
or heating systems.

• Data privacy concerns: Smart meters used to measure energy consumption and feed
data into the pricing framework may raise privacy concerns among customers.

• Operational challenges: Implementing and maintaining pricing frameworks can be
costly and time-consuming, especially for small utility companies.

• Resistance to change: Customers may resist changes in pricing structures due to
familiarity and a lack of trust in new pricing mechanisms.

• Potential for market manipulation: Pricing frameworks have the potential to be
manipulated by energy companies, leading to unfair pricing practices.

7. Future Research Directions

Researchers are actively studying pricing frameworks, methods, and strategies for
power systems. However, despite ongoing efforts, this field still faces unresolved issues
and challenges that require further investigation and exploration.

One of the main challenges is the pricing strategy after integrating variable RESs
into the power system. RESs have intermittent generation patterns, making it difficult to
forecast and plan for their output accurately.

Another challenge is determining the optimal pricing mechanism that promotes
the efficient and cost-effective use of the power system while ensuring affordability for
consumers. Some argue for a cost-based pricing approach, where prices reflect the true cost
of providing electricity, while others advocate for market-based pricing approaches, where
prices are determined by supply and demand.

Furthermore, there are concerns regarding power system pricing strategies’ equity
and distributional impacts. Certain pricing mechanisms, such as time-of-use pricing and
peak/off-peak pricing, may disproportionately affect low-income households or those with
limited ability to shift their energy usage during peak periods.

Moreover, the dynamic energy trading price models combined with grid pricing
schemes incentivize end-user participation in community-based peer-to-peer energy trad-
ing and sharing.

In addition, new pricing frameworks need to be proposed for consumer-centric energy
trading in order to provide win–win economic benefits via cooperation and stimulate
multi-stakeholder activities and market dynamism. Such pricing frameworks should have
higher flexibility, lower complexity, better equality, and higher data security.

It also includes improved energy efficiency, power dispatch, voltage support, and
congestion management services for local grids; cross-regional energy sharing and trading;
equipment depreciation costs; and transmission losses. The above problems and challenges
can be used as directions for future research.

8. Conclusions

Over the past few decades, with the increase in RESs, the electricity market has
transformed, and the production and consumption of energy have also undergone dramatic
changes. Electricity price is a key factor that affects the interests of various stakeholders
in the electricity market and has also attracted research attention. As the number of
prosumers increases, providing a more decentralized and distributed grid becomes more
important. The power system has also changed from a single vertical market and fixed
electricity pricing model to a diversified market mainly composed of retail markets and
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wholesale markets. Current power systems have dynamic pricing schemes, and many
pricing frameworks and strategies related to P2P and M2M energy trading and the provision
of demand-side ancillary services have also been proposed. The framework and strategies
for formulating electricity prices in various ways have brought advantages to the power
system.

First, formulating electricity prices in different ways can encourage consumers to
use electricity efficiently. Second, having new market components such as feed-in tariffs
can increase the utilization of RESs. Third, dynamic pricing can help balance supply and
demand and reduce the chance of blackouts and brownouts during peak demand periods.
Fourth, innovative dynamic pricing models can incentivize utilities and prosumers to adopt
new technologies and energy management systems. Fifth, appropriate pricing can reduce
system costs and make the electricity market more competitive and cost-effective.

This paper reviews a large body of literature on pricing methods, strategies, and
frameworks in the electricity market. The electricity market’s reform and electricity price
mechanism’s development have been investigated from the 20th century to the present.
The main components of electricity prices and the electricity market framework from
the monopoly model to the single-buyer model, and to today’s electricity market, were
presented. Next, P2P and M2M energy trading and pricing strategies for DERs and load
support were described. The pricing mechanisms of P2P and M2M energy trading and
sharing and the current related research literature were reviewed. Recent technologies on
energy trading platforms, blockchain, simulation experiments, game theory, optimization
mechanisms, and algorithms were revisited. Then, pricing methodologies for RESs, batter-
ies, and controllable load applications were elaborated. The market structure associated
with DSAS and its advantages and disadvantages with respect to electricity system price
schemes were detailed. We then presented the current pricing framework for retail and
wholesale markets and the limitations that this framework imposes on the electricity sys-
tem. Finally, future research directions for power system pricing methods, strategies, and
frameworks were suggested.

From this review article, we know that government policies, regulations, technology,
and market competition impact the power market framework and pricing strategies. Un-
derstanding the power market framework and pricing strategies can benefit policymakers,
industries, and prosumers. Policymakers can use this knowledge to design effective policies
and regulations that promote competition and innovation in the power market. Industry
players can make informed decisions about investments, production, and pricing, while
consumers can better manage their electricity consumption and expenses.
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