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Transactive energy systems (TESs) combine both economical and control

mechanisms, and have become promising solutions to integrate distributed

energy resources (DERs) in modern power systems. This article will introduce

the basic concept of a TES, including its definition, process, time scale, and

benefits. The configuration of the TES is then described in detail from the

perspectives of the physical system, information system, transaction system,

and regulatory system. The transaction mechanism allows participants (e.g.,

customer, generator, transmission operator, marketer, etc.) to conduct various

transactions with any other party to the extent that regulatory policy permits.

Transactive control is regarded as one of the most advanced approaches to

realize the full response potential of flexible devices and respect the end user’s

privacy, preference, and free will. Finally, some challenges to the development

of TESs that arise from the limitations of current equipment level and

methodological concepts will be discussed. In summary, TESs provide a

more efficient, fair, and transparent environment for participants to promote

DERs utilization, improve market efficiency, and increase economic benefits.
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1 Introduction

The energy industry is currently at a critical juncture of transition. Many changes are

taking place in the power system—such as, increasing complexity of power grids, growing

penetration of renewable generations, and proliferating distributed energy resources

(DERs)—, which lead to an increased requirement for efficiency, reliability, security,

economic, and environmentally sustainable (Moslehi and Kumar, 2010; Barrager and

Cazalet, 2014; Lezama et al., 2019). Consequently, the operation and regulatory models in

generation-based power systems find it difficult to deal with these issues at both bulk-

power and distribution levels (Rahimi et al., 2016).

Demand side management (DSM) refers to the energy management of the demand

side, using effective incentives or other suitable measures to improve the efficiency of

terminal electricity consumption, both for economic profits and grid reliability. DSM was

at first utility driven but more attention has been paid to the customer driven approach in
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recent years (Mohsenian-Rad et al., 2010; Palensky and Dietrich,

2011; Yan et al., 2021). Demand response (DR) describes the

changes in electricity usage by end users from their normal

consumption patterns in response to changes in the price of

electricity over time and was first classified into two main types:

incentive-based and price-based (Albadi and El-Saadany, 2008).

The incentive-based method is a centralized mechanism that

provides users with an incentive (or compensation) from top to

bottom. In the price-based method, users respond to the market

price in a one-way communication. In addition, the price-based

approach is the basis for the development of the market-based

mechanism. Hence, the electricity market has developed rapidly

due to the excess of power, and therefore, a third type called the

transaction-based or market-based approach has emerged in the

last few years.

As an expansion form of DR, transactive energy manages

both supply and demand sides simultaneously (Chen and Liu,

2017). Transactive energy (TE) is a new market-based energy

management approach to cope with the increasing demand for

DERs and smart devices (Chang et al., 2017), which is a

decentralized mechanism. In addition, unlike the price-based

mechanism, transactive energy systems (TESs) pay more

attention to the two-way interaction between the market and

users, and the combination of the market mechanism and control

mechanism. The term “transactive energy” was first proposed by

the GridWise Architecture Council (GWAC), which was

established by the US Department of Energy (DOE) in May

2004 to realize the combination of economic and control

mechanisms improving grid efficiency and reliability (Melton,

2015). TES is a more efficient, fair, and transparent version,

which proposes innovative and disruptive technologies to

facilitate energy efficiency, storage, DERs, and renewable

resources.

TE research pays attention to intelligent agent-based

innovation in smart building equipment and local

demonstrations involving operators, energy suppliers,

consumers, prosumers, marketers, and regulators (Melton,

2015). Implementations in the United States and Europe have

shown that TESs are feasible and high-potential mechanisms,

particularly in three major demonstration projects that were

performed by the US DOE partnered with several

organizations. The first project of TES conceptual

implementation was the GridWise Olympic Peninsula

Demonstration (2005–2007), which was located in

Washington state (Ambrosio, 2016). Its initial purpose was to

test the potential for taking advantage of DERs to postpone or

reduce the need for a transmission upgrade. The market

mechanism used 5-min double auctions to coordinate over

100 homes, a marine science laboratory, and four large water

pumps. This project established multiple objectives, such as

reducing system peak load, managing distribution operations,

and saving energy costs to explain the viability of TE (Kok and

Widergren, 2016). In support of the American Reinvestment and

Recovery Act (ARRA) of 2009, a group of smart grid field

demonstrations was built across the United States

(Hammerstrom et al., 2016a). Based on the Olympic

Peninsula project, the AEP Ohio Real-Time Pricing

gridSMART demonstration project (2010–2014) used a

double-auction market mechanism in a real-time price (RTP)

model to dispatch participating responsive loads (Pratt, 2012;

Kok and Widergren, 2016). The results showed that the bills of

wholesale buyers were reduced by around 5%, and its data were

used to calibrate simulated DR models that searched for

participants in higher penetration levels. The Pacific

Northwest Smart Grid Demonstration (PNWSGD, 2010–2015)

involved several states and electric utilities, comprising around

60,000 end users (Ambrosio, 2016), (Huang et al., 2010; Jin et al.,

2012). A TES was implemented to coordinate the operation of

DERs and regional objectives across 11 utilities to mitigate the

intermittency of renewable generations and flatten system load,

and showed the viability of DERs that were dynamically

integrated on a large scale (Kok and Widergren, 2016).

TE is becoming one of the more novel and interesting

approaches to the grid of the future (Olken, 2016). TESs

provide an effective and healthy transaction environment for

participants who wish to buy and sell energy using automated

control. As a solution to deal with the growing penetration of

highly uncertain renewable energy, TES has great potential in

mobilizing demand response to integrating DERs in more

effective, fair, and transparent ways.

2 Basic concept

2.1 Definition

A TES is defined by the GWAC as “a system of economic

and control mechanisms that allows the dynamic balance of

supply and demand across the entire electrical infrastructure

using value as a key operational parameter” (Melton, 2015).

This definition seems to be broad, given that it considers both

the existing use of current techniques and the potential use of

new techniques.

The following 11 attributes (shown in Table 1) are defined for

two reasons: to present a broader view of TE and to provide

common approaches to implement TES (Melton, 2015).

The necessity to define the principles of TES was discussed

during the GWAC workshop in Philadelphia (February 2014).

Six principles were defined, as follows (Transactive Energy

Principles (V1.0), 2022):

1) Implement some form of highly coordinated self-

optimization. This principle explains the efficient operation

of TE.
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2) Maintain system reliability and control while enabling

optimal integration of renewables and DERs. This shows

the high consumption capacity of renewables and DERs.

3) Provide for non-discriminatory participation by qualified

participants. TE is committed to constructing a fair

transaction milieu.

4) Observable and auditable at interfaces. Transparency and

supervision are the sources of trust for TE customers.

5) Scalable, adaptable, and extensible across several devices,

participants, and geographic extents. The high degree of

extensibility is a strong boost to TE’s sustainable

development.

6) Transacting parties are accountable for standards of

performance. Rich information can be sought in this

principle, including the hint of distributed operation, the

respect for personal privacy, and the improvement of

system efficiency.

In short, these six principles demonstrate that TE operates in

an efficient, fair, and transparent manner, realizing the efficient

market and the full potential of demand response.

2.2 Process and time scale

Three actors in TES are related to the transaction process:

energy buyers, energy sellers, andmarketers. Based on themarket

price, buyers submit bids to purchase energy considering their

costs and preference, while sellers make tenders to sell energy by

maximizing their profits. A transaction will be established when

their requirements are matched. The bids and transactions can be

made either in exchanges or bilaterally. In addition, transaction

platforms are virtualized as software applications on the “cloud”.

Marketers are responsible for managing transactions and

reducing the imbalance between energy demand and supply.

With large-scale, frequent, and efficient transactions, the market

price will gradually stabilize, and balance supply and demand.

The process in TES is dynamic. A buyer has a position after

being transacted in the market. If something better happens or

their energy needs to change, then the process will repeat until a

better position is found for the buyer. The same process is used

for sellers. The transaction can continue until delivery time.

The key objective of system operators is to provide reliable

and secure power to loads, thereby avoiding power outages.

Actions will take place in the period from milliseconds to

years to guarantee power reliability. With the development of

emerging trends, operations will gradually shift to shorter

periods. This means that human control may not be

sustainable, and therefore, automated and intelligent control

with manual supervision will be needed.

The system will also become harder to operate by manual

control because of the growing number of data sources,

communication spots, and control points. The time frame of

TE may have a large period from minutes (real-time transaction)

to a day (day-ahead transaction), or even years (forward

transaction). A span from minutes to a few hours is regarded

as the most critical timeframe where demand response works

effectively.

3 System configuration

As was performed for the topic of grid interoperability with

the publication of the “GridWise Interoperability Context Setting

Framework,” the GWAC created the TE framework to provide a

common ground and facilitate further development of TESs

(Forfia et al., 2016). This is defined as a shared tool to spread

and serve smart communities (e.g., smart grid).

There are four main systems in the TE model: physical

system, information system, transaction system, and

regulatory system. The physical system includes energy

generation, storage, transmission, and distribution, together

with the end user’s smart devices. The information system is

built to collect, process, organize, and transmit information, both

in the power system and energy markets. The transaction system

manages various types of energy transactions to establish an

effective energy market. The regulatory system safeguards against

economic abuse and rule violation. It also maintains market

safety and reliability. TES offers a method to ensure the reliability

and security of the power system while improving efficiency by

coordinating a growing number of DERs. A brief configuration of

TES is shown in Figure 1.

3.1 Physical system

3.1.1 Inherit and develop current systems
TES can be implemented with a few modifications

(depending on the size and complexity) of the current

physical systems. Communication and information technology

TABLE 1 Attributes of TE.

Attributes

1. Architecture 2. Extent 3. Transacting parties 4. Transaction 5. Transacted commodities 6. Temporal variability 7. Interoperability 8. Value discovery mechanism 9.
Assignment of value 10. Alignment of objectives 11. Assuring stability
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(CIT) is needed to build the physical system of TES. The cyber-

physical elements of the grid also need to be developed for further

support of TES with new sensors, actuators, and control

elements. The current physical systems and devices need to be

developed to realize information collection and automation more

flexibly than required for operating the traditional grid. Features

such as information exchange, data dealing, system decoupling,

and interactions are needed to enhance flexibility.

3.1.2 Smart connections
The connection and communication technology required for

TE is in place due to the fast, universal, and wireless Internet. The

Internet enables two-way communication between all entities

connected to the TE Platform. All devices can get decision-

related information on the Internet, such as weather, emergency

warnings, and market signals. Wireless Internet or Wi-Fi enables

different devices to communicate with each other. Humans, data,

and devices can be connected to various places with access to the

Internet. In addition, Wi-Fi completes the link from the TE

Platform to EMS to smart appliances. TES communicates over

the Internet and connects the TE platforms with different parties

through TE Interface and EMS, which can be a device in a

building or an application in the cloud.

3.1.3 Smart devices
Devices are becoming smarter thanks to the fast development

of automation technology and artificial intelligence technology.

In addition, more devices related to renewables are being

deployed, driven by the growing demand for clean energy.

Many appliances equipped with Wi-Fi capability are available

nowadays. For example, smart clothes dryers can be closed at a

high electricity price (or by the EMS instruction), and smart

water heaters can adjust heat power depending on the price

signals (Barrager and Cazalet, 2014). The control strategy of

devices aims to coordinate the end-user’s comfort and energy

cost. Smart devices apply advanced technologies, including the

ability of wireless communication with other devices throughout

the building and the Internet. Devices such as heating,

ventilation, air conditioning (HVAC), and electric vehicles can

access the TES directly. EVs can make decisions considering the

current and predicted charging or discharging price send in the

charging/discharging market of EVs.

Smart meters, EMS, Wi-Fi, and smart devices are in place to

build TES. In addition, smart buildings (e.g., commercial

buildings, smart homes, and factories) are also prepared for

TES implementation. Consequently, smart energy and the

smart city will become a reality in the near future.

3.2 Information system

Information interoperability is an important element of TES.

It not only needs to clear the valuation and process of

transactions but also needs to understand operation

mechanisms and the control approaches both in the TES and

the grid. Therefore, the concept of information interoperability is

directly related to both the transaction and operation models.

3.2.1 Information models
The Transactive Energy Market Information Exchange

(TeMIX) is a framework and protocol for spot and forward

transactions, which are based on standards. Transactions can

then be made automatically on a large scale and at high speed

with smart meters, Internet communications, smart applications,

and TeMIX protocols (TeMIX, 2010). TeMIX supports

decentralized control or decision-making at the edges of the

FIGURE 1
Transaction energy system configuration.
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grid. End-user applications (e.g., HVAC, EVs, distributed

photovoltaic generation, and storage) are automatically

transactive with distribution grid devices. Therefore, TeMIX

implements a smart grid, quickly adapting to the high

penetration of renewables, EVs, and distributed storage.

Four information models have been defined for the

transactional energy model (Cazalet, 2022): energy transaction,

energy offer, energy option transaction, and energy options offer.

Energy transaction or energy offer is easy to understand. Energy

option transaction means that there is an option for an energy

transaction and energy options offer, which refers to an offer for

an energy option transaction. The information model is mainly

used for the effective exchange of energy transaction information.

In addition to spot transactions, customers can make forward

transactions at high or low prices using energy option

transactions, which are similar to capacity and ancillary

services. Energy options can also be energy contracts such as

demand response contracts. The elements of the four

information models are described in Table 2.

3.2.2 Information security
The integration of ICT with the traditional transmission

infrastructure may lead to new vulnerabilities. Although the

standards and technologies of information security have

improved dramatically over the past decades, they still

need to be adjusted to meet the unique requirements of

the power system and the continued evolving capabilities

of hackers. Information disruption can be costly because a

great number of services on the grid may be destroyed by

exploiting security weaknesses.

3.3 Transaction system

3.3.1 Transaction parties
The transaction parties contain energy suppliers, consumers,

energy transmission owners, and intermediaries (Barrager and

Cazalet, 2014). Both energy suppliers and consumers are energy

service parties, including power producers, consumers,

prosumers, and storage owners. Marketers, retailers,

exchangers, and system operators are all intermediary entities

to provide transaction services and energy management.

Transmission and distribution owners are also encouraged to

participate in the transactive platform.

3.3.2 Transaction platform
As shown in Figure 2, the transaction platforms aggregate

four transaction parties to build transactions and provide energy

services. The exchanges are associated with the transactive

platform, which is associated with the EMS of the grid. The

intermediaries also connect with their customers and the

exchanges through the platform. The intermediaries support a

more active market to small-scale customers making

transactions, as well as taking transaction risks for others. For

example, some intermediaries may purchase long-term forward

positions and sell them closer to delivery time.

3.3.3 Transaction activities
Marketers play an important role in market mobility by

adjusting the market price. First, several small forward bids

will be posted by marketers with small price differences. The

tenders will then expire after a short period. If counterparties

accept larger amounts of buy bids than sell bids during this time,

then the marketer will reduce the prices of the next bids to lower

net positive positions (or raise the prices in net negative

positions). The energy markets will be driven toward

equilibrium through the iterative process. Some activities of

the transaction process in TES are shown in Table 3.

In addition to providing market mobility, marketers also

reduce transaction costs and facilitate trade through price

differentials in markets. The marketers should be independent

parties that are licensed and regulated. They are not allowed to

manipulate the market, either for their own profit or for others’

profits.

3.4 Regulation system

Regulators will always play an important role in maintaining

power system security, competition fairness, and protecting the

health of the markets. Regulators are also responsible for

ensuring rules in TES and fighting against economic abuses.

TABLE 2 Elements of the four information models (Cazalet, 2022).

Model Elements

Energy transaction Extended price, rate of delivery, delivery period, buyer, seller, transaction execution time, location, meter ID, currency, and units

Energy offer Price, rate of delivery, delivery period, buyer/seller flag, offering party, counterparty, offer availability interval, location, meter ID,
currency, and units

Energy option transaction Extended price, strike price, rate of delivery, delivery period, buyer, seller, put/call flag, transaction execution time, exercise period,
location, meter ID, currency, and units

Energy option offer Option price, strike price, rate of delivery, delivery period, offering party, counterparty, exercise party, put/call flag, offer availability
interval, exercise period, location, meter ID, currency, and units
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TES can reduce the workload of economic regulators and the

requirement for oversight on price setting. Market prices for

customers are impartial thanks to forward and spot transaction

processes under the supervision of a regulation system.

Consequently, regulation ensures that TES is essentially fair

and transparent.

The regulation system of TES requires three regulatory

framework elements (Kristov et al., 2016). The first key element is

to ensure open access and TES principles that are applied to the

interconnection process, infrastructure projects, operating

procedures, and market transactions. Second, states should be

allowed to manage markets for distribution system operators

(DSOs) and DSO operations within their jurisdiction. The purpose

of this element is to regulate energy markets by each state, thereby

facilitating widespread adoption across the country. The last key

element is the establishment of reliable shared responsibilities between

the transmission system operator (TSO) andDSO. The regulation for

DSO needs to assign responsibility and accountability for reliable

service to end users in ways that go beyond reliable distribution

services (which may vary from state to state).

3.5 Operation modes and value realization

3.5.1 Operation modes
In TES, different operation parties can operate in four

modes as transactive agents (Rahimi et al., 2016), as follows:

1) operating autonomously based on the preferences of

customers, 2) responding to bilateral transactive bids and

offers, 3) responding to market price signals made by

marketers, and 4) responding to operator instructions. The

first two modes have the least constraint on prosumers but

may influence the reliability of the power system. The

schedule is not needed to be known before the operation

FIGURE 2
Transactive platform diagram (Barrager and Cazalet, 2014).

TABLE 3 Activities in the transactive platform (Barrager and Cazalet, 2014).

Platform and activity Function

Transactive platform Places where buyers and sellers go to tender and accept tenders to form transactions

Exchanges Facilitates anonymous matching of buyers and sellers

Market making Provides liquidity to the market

Clearing Activities between transaction and settlement (including credit and collateral management, reporting and monitoring, tax
handling, and failure handling)

Arbitraging Closes differences in prices for energy at two different locations and the price of transport between the two locations

Hedging Risk management where forward transactions are used in place of uncertain prices of further spot transactions
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in the first mode, while it is determined in other modes. The

operation mode can be transformed from one to another

depending on the situation of entity status, time,

environment, or system conditions. The autonomous

operation, bilateral transactive response, and market price

response would prevail in the TES configuration.

In the DSO-based operation, the DSO will finalize a bilateral

transaction as an operational schedule to be conveyed to the

transacting parties. The DSO’s instructions may replace the

operation mode of some devices in some emergency

conditions (e.g., priority plans established through the

electronic tag). Sometimes, the DSO dispatches operation

license signals to a subset of registered transactive agents,

depending on the state of the grid or the electricity price

(Moazeni and Defourny, 2017). Whether the ability of the

prosumer to transition from one mode to another will be

restricted or not depends on the TES protocols that are made

by relevant local, state, or other regulatory entities. The

interactions among different agents— including the DSO,

consumers, prosumers, storages, utility distribution companies

(UDCs), microgrids, DER providers, regional renewable

providers, and the bulk-power markets—are shown in Figure 3.

3.5.2 Value realization
3.5.2.1 Value streams

With growing access to information, customers have higher

requirements for reliability and quality of energy service, as well as

eco-friendly choices and lower costs. In addition, customers can gain

new revenue opportunities and value streams by providing services

to the grid through innovativemarket design and regulatory policies.

Sometimes, TE also can be seen as valve-based energy management

(Makhmalbaf et al., 2017). Melton (2015) shows that 30 value

streams (which include both buck-power and distribution

systems) can be considered by different parties to provide energy

services and make their own objections.

3.5.2.2 Alignment of value streams

TES proposes an opportunity for utilities and third parties to

offer value-added services to energy customers, and also extend them

beyond regulatory coverage. However, viable transactive approaches

need to introduce opportunities to build and target value streams for

all of the participants. In addition, the value achieved by the grid or

customer utility should not be at the cost of end users, TSOs, or

generators. The alignment of value streams makes a great

contribution to establishing multi-objective optimization models

that combine both operational and economic factors. Although

they may not support the value creation and alignment by

current business models, they can be adjusted when necessary

and new business models may emerge during the process.

4 Transaction mechanism

Transactivemarkets allow different entities to transact with each

other, as far as the regulatory policy allows. Both generators and

customers can take the double role of energy selling and

consumption compared to a simple buyer or seller role in the past.

4.1 Transaction classification

4.1.1 Forward transaction and spot transaction
Two kinds of decisions are made in the electricity ecosystem:

investment and operation. Forward transactions, which can be

FIGURE 3
Transactive parties and their interactions.
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made by bilateral contracts or on exchanges, are used to

coordinate investment decisions and manage risk. Spot

transactions, which can be built on an ISO/DSO platform, are

used to coordinate operating decisions and mitigate risk.

Forward transactions in TES are used to coordinate

investments throughout the electricity ecosystem. Consumers,

prosumers, and DERs owners use transactive platforms to

develop forward transactions in a fair competitive

environment. Investors can manage price and cost risk using

forward transactions. Long-term contracts (a form of forwarding

transactions) are used by power producers to reduce their current

risk. Customers in retail markets may install assets such as PV

panels or other efficient appliances to manage the risks of

investments.

Spot transactions in TES are employed to coordinate

operating decisions. All of the parties have access to the same

spot transaction exchanges in the same game rules. However, in

the current electricity market, spot transactions are often

developed by large wholesale or industrial customers to

coordinate system operations, and few are used by small

customers. Investment and operation are autonomous in spot

transactions. Participants decide what to invest in and how to

operate it, and their autonomous decisions are coordinated on

the same transactive platforms.

4.1.2 Wholesale transaction and retail
transaction

The wholesale market relies on bids and offers to issue

delivery orders. When the system constraint is not satisfied by

economic bids and offers, then administrative measures will be

taken to reject certain transactions or arrange resources outside

the market to deal with system constraints (Rahimi and Albuyeh,

2016). The TES paradigm extends the current wholesale market

to retail markets, including consumers, prosumers, DERs

owners, and various smart devices.

DSO is created (not only) for the following two motivations:

the first is to integrate DERs in a market environment to obtain

economic benefits, and the second is to establish a market

environment to incentivize customers, utilities, and third

parties to invest in DERs. In both cases, it is necessary to

organize markets and manage system reliability, in addition to

transactive with wholesale markets. The presentations on

motivation for DSOs specify a significant difference between

the wholesale markets (at the ISO level) and the retail markets (at

the DSO level) (Masiello and Aguero, 2016).

The retail market is not a new concept, and has been

demonstrated and applied in many countries, such as Europe

and the United States (Nair and Nair, 2016). There is a tendency

to deregulate the electricity markets in many countries. However,

the lesson learned from organizational insolvency in California

shows that over-deregulation of the retail market may lead to

higher electricity costs for customers and improper commercial

intervention by competing service operators. TES proposes and

encourages distributed control approaches rather than

traditional centralized optimized control. TES is an effective

correction for the deregulated market. The energy is extended

to be traded by the retail market on account of the distributed

control mechanism in TES. As a result, small-scale energy

resources in DSM can be effectively used and uncertain

renewables can be greatly consumed. The relationships

between the wholesale market and the retail market are

shown in Figure 4 (supported by TeMIX).

4.1.3 Bilateral auction
To make a bilateral auction, buyers submit their bids while

sellers send their offers at the same time. They then each compete

to get the best price. In this kind of auction, the ideal transaction

price is the equilibrium price corresponding to the value at the

intersection point of the supply curve and the demand curve

(Xavier et al., 2017). The bilateral auction is one of the most

popular models studied in the electricity market. It is also widely

used in day-ahead and hourly auctions, which can be seen in the

UK or the US electricity markets.

A bilateral auction is a feasible solution to handle resource

distribution problems in different regions. In addition, an auction

can be seen as a fair, effective, and eco-driven scheme. Consequently,

several research efforts have been devoted to considering auction

behaviors in the resource distribution of the grids (Li et al., 2017). By

taking advantage of the potentialities of blockchain technologies,

energy exchanges and auctions can be operated automatically in the

transactive market (Kounelis et al., 2017).

4.2 Local market designs

This section introduces two local market designs: the first is

the direct peer-to-peer (P2P) market and the second is the

closed-order book market. The closed-order book market is

slow in transaction speed and takes a long time to confirm

the order, which is suitable for larger time scales. In

comparison, transactions in the P2Pmarket are faster and

more flexible, and therefore, the P2P market can be used in

shorter time scales.

4.2.1 Order book market
The order book market is designed as a double-auction

market with discrete market closing times (Mengelkamp et al.,

2017). An energy order book is an electronic list of buying and

selling orders for energy transactions, and is dynamic and

continually updated. In the order book market, the clearing

price is the uniform settlement price for each trading period.

The bid and offer bills of customers are gathered and ordered.

The bids are sorted by descending order and the offers are sorted

by ascending order. When the energy supply is given, the clearing

price in the market is influenced by all of the bid/offer prices,

even the lowest bid price. In an order book market, customers
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who successfully booked their energy orders pay the bills for the

procured electricity at the market clearing price.

4.2.2 Peer-to-peer market
The P2P network uses a decentralized and distributed

network architecture. The individual nodes in the P2P

network perform as both suppliers and consumers of energy

resources. In contrast to the centralized client-server model,

client nodes request access to resources provided by central

servers (Barrager and Cazalet, 2014). P2P trading represents

direct energy transactions between peers; for example, a direct

transaction between consumers and/or prosumers is a simple

example of a P2P transaction (Zhang et al., 2018). In the P2P

market, customers transact with each other in a randomized

based on a payment order. At each session, each buyer is paired

with sellers randomly and iteratively until all of the electricity is

procured or all of the potential sellers have been matched. A

prosumer is paired with the consumer when the bid price of the

consumer is higher or equal to the offer price. The matching

amount is determined to be the minimum amount offered by the

seller and the buyer. The P2P market with intelligent agents may

seem to be the best market mechanism because it has the lowest

average electricity price of all transactions and the highest

participation enthusiasm of end users (Mengelkamp et al., 2017).

4.3 Price mechanism

There are two types of market price: the first is the local

marginal price (LMP) and the second is the uniformmarket price

(UMP) (Albadi and El-Saadany, 2008). In a TE environment,

distribution locational marginal price (DLMP) is the basis for

energy pricing among transactive market participants (Sajjadi

et al., 2016). Long-term DLMPs are mainly used to stimulate

investments, while short-term DLMPs are used for market

clearing and energy balancing in real-time markets or day-

ahead markets (Rahimi et al., 2016). The communication

mechanism that sends market price signals to smart devices of

end users can help to transfer wholesale LMPs to DLMPs

considering the transmission losses and operation costs. In a

transactive market, the market signals are sent to end users

through software nodes, and each node is responded with a

prospective energy requirement based on the market signal

(Chandler et al., 2014).

4.4 Stakeholder responsibilities

The clear definition of the stakeholder responsibilities is one

of the key elements to realize the bulk-power recombination in

the past (Rahimi et al., 2016). It is also an indispensable step to

establish a novel structural framework for all of the transaction

and operation parties to clear the responsibilities of each

stakeholder. For instance, the system operators are responsible

for balancing energy between supply and demand, managing

transmission congestion, and reducing (or stopping) transactions

in urgent situations. They also have the right to get transmission

and scheduling information in their jurisdiction. The main

responsibility of marketers/retailers is to manage energy

transactions. Marketers or retailers make suitable market

FIGURE 4
Interaction between wholesale markets and retail markets.
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prices, both for forward transactions and spot transactions, and

send market signals to the end users’ devices (or show them on

the Internet). Together with the regulators, they are responsible

to enable a healthy and effective market ambience. The

customers should be responsible for the transactions that they

made and obey the transaction formal process and rules (a breach

of contract may be punished).

4.5 Transactive control

4.5.1 Category of EMS
As shown in Table 4, energy management approaches can be

classified into four main categories (Kok and Widergren, 2016):

top-down switching, centralized optimization, price reaction,

and transactive control in a distribution-level energy

management system.

Top-down switching, like direct load control (DLC) (Xie

et al., 2018), is the earliest and most straightforward energy

management approach of DR. Although recently implemented in

different countries, it does not take full advantage of the end

users’ responses. Price reaction (PR) uses price signals that are

sent by marketers to change the end users’ electricity

consumption. However, the customers are not allowed to send

their preferences to marketers or system operators because it is

one-way communication. Although the centralized optimization

(CO) approach is also a centralized control approach, it takes a

large amount of information (both power system and energy

customers) into account through two-way communications.

However, the communication and optimization times grow

nonlinearly as the number of end users increases. Price

reaction and centralized optimization can realize the full use

of demand response potential. However, the two approaches also

have some constraints. For the former, the consumer’s reaction

to each price signal is uncertain due to the lack of user’s

preferences and the state of the device. The latter one has

privacy issues because the exchanged information involves the

details of devices and individual behaviors of the end users.

Transactive control (TC) is a distributed control strategy that

uses self-interested responsive loads to provide energy services to

the grid based on market mechanisms (Hao et al., 2017). The

energy quantities and market price signals are the entire

information need to be exchanged. Therefore, compared to

PR, TC is much more efficient in market mechanisms with no

privacy problems. Moreover, TC displays much higher scalability

than the CO approach, due to its distributed structure. In short,

the TE approach realizes the full use of the potential of flexible

devices, provides greater certainty about the instantaneous

system response, gives appropriate incentives to achieve

effective markets, and respects the end users’ privacy,

preference, and free will.

4.5.2 Transactive control strategies
Transactive control will provide a means to coordinate the

response of smart devices at all levels of the power system

(Melton and Hammerstrom, 2012). Based on TC, each

stakeholder is allowed to have their own set of optimal

control strategies based on the market mechanism and are

accountable for their standards of performance. The

application of TE has been studied in renewables integration,

EV management and integration, efficient and intelligent

management for microgrids, commercial buildings and smart

houses, and other aspects. These TC strategies and modeling may

look unique on different occasions but in fact the difference

primly lies in the diversification of objective function and

constraint—the core is still the optimization control strategy

under the market mechanism using price and energy quantities

as key parameters.

4.5.2.1 Renewables

The use of renewable energy resources is increasing, due to

the strong support of many governments. For example, the

European Union has a renewable portfolio standard (RPS) of

20% by 2020 and the United States 20% by 2030 (Sahin and

Shereck, 2014). As the proportion of renewable energy

generation grows, which replaces more traditional energy

resources, concerns about the reliability and security of the

grid increase. More approaches are needed to properly

account for integrating renewables on the grid—and TC is a

suitable solution. Kiani and Annaswamy (2012) and Kiani

Bejestani et al. (2014) present a hierarchical TC architecture,

which considers market transactions at both the lower levels

(unit-level control) and the higher levels (inter-area control). A

hierarchical control framework is described in Hansen et al.

(2017), which is used to coordinate DERs and demand response.

4.5.2.2 Electric vehicles and storage

The use of EVs has become more popular over the past few

years because they are environmentally friendly, cost effective,

and highly efficient. However, the reliability of the power system

is greatly challenged by large-scale access of EVs, especially in

power distribution systems (Galvan et al., 2016). This issue can be

subtly solved by transactive control, which is an advanced control

approach that is supported by an increasing amount of smart

devices that use ICT (Lopes et al., 2011; Hu et al., 2015; Behboodi

et al., 2016; Hu et al., 2017a; Divshali et al., 2017). Although

TABLE 4 Four main categories of energy management.

Category Decision made Communication

Top-down switching Centrally One-way

Centralized optimization Centrally Two-way

Price reaction Locally One-way

Transactive control Locally Two-way
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storage cost has been reduced considerably, storage technology is

still expensive. Therefore, there are still risks in investing in

storage equipment (Parandehgheibi et al., 2017). Building

distributed, small-scale energy storage is one way to reduce

investment risk. Therefore, approaches and mechanisms to

aggregate small energy storage need to be studied.

4.5.2.3 Microgrids

In the past few decades, extensive research has been

conducted to develop energy efficient operation strategies for

microgrids, which can be classified into two categories: the first is

individual microgrid operation (Amin et al., 2016; Patterson and

Geary, 2016; Prinsloo et al., 2016; Prinsloo et al., 2017; Yao and

Zhang, 2017) and the second is multiple interconnected

microgrid operation (as microgrid clusters) (Chen and Hu,

2016; Baron-Prada et al., 2017; Nunna and Srinivasan, 2017;

EduardoCeseña et al., 2018). Microgrid clusters and individual

operation both have advantages and constraints. Microgrid

clusters can significantly reduce energy costs and improve

resilience ability. However, most of the existing operation

models for microgrid clusters have difficulty ensuring

individual interests because they focus on collective interests

(Yang, 2018).

4.5.2.4 Smart buildings

The energy consumption of buildings has accounted for

more than 40% of whole consumption in the United States

since 2010, which is higher than the transportation industry

and industrial sector by 44% and 36%, respectively (Chen and

Hu, 2016). Recently, the growth of smart building development

has provided an opportunity for transactive systems to provide

grid services. In addition, the potential value of TES for smart

buildings extends beyond the grid services (and may include

other energy services, not only electricity services)

(Hammerstrom et al., 2016b). The transactive behavior of

buildings can be classified into the following categories:

interior of the building, different buildings, and building to

the grid. Aggregation and coordination of commercial

buildings loads (Rahimi and Ipakchi, 2016; Ramdaspalli et al.,

2016; Hao et al., 2017) and smart house (residential) loads

(Mohsenian-Rad and Leon-Garcia, 2010; Widergren et al.,

2014; Dai et al., 2015; Adhikari et al., 2016; Pratt et al., 2016;

Siano and Sarno, 2016; Zhou et al., 2016; Ji and Zhang, 2017; Yue

et al., 2017; Rayati and Ranjbar, 2018) for TC have drawn

attention, and modeling and control strategies have started to

emerge.

4.5.2.5 Distributed multi-energy system

Distributed multi-energy systems can flexibly provide a

broad range of energy services (EduardoCeseña et al., 2018).

A multi-energy system is commonly designed with one or

more forms of energy utilization (except electricity), such as

gas boilers, combined heat and power (CHP) units, thermal

energy storages, and battery energy storages (BES).

Oikonomou et al. (2018) presents a comprehensive

architecture to improve the participation of water

distribution system operators (W-DSOs) in DR and

frequency services to gain profit opportunities. A

transactive approach has been proposed to the optimal

scheduling for prosumers in coupled energy systems (Qiu

et al., 2018), where DERs are operated in coordination in the

form of a virtual power plant (VPP) (Qiu et al., 2017), which

actively take part in the electricity market and the wholesale

gas market. Hu et al. (2017b) proposed a network-

constrained transactive energy method to schedule EVs

and heat pumps in a retailer’s aggregation.

5 Impacts and future directions

5.1 Benefits

5.1.1 Power system benefits
First, TES uses advanced automation and control, which

increases the flexibility of microgrids and enhances the local and

regional resilience of electric networks (Transactive Energy

Infographics, 2022). Second, TES increases interoperability

between regional and local markets that coordinates the use of

energy resources to improve efficiency and reliability. Third, the

strength of the TES lies in the innovative mechanisms that

combine the economics of managing buck-power systems with

the objectives of coordinated control (Nair and Nair, 2016).

Finally, the high cost of system operation, which requires a

considerable amount of reserve generation to safeguard

against fluctuations caused by intermittent renewable

generations (O’Connell et al., 2014), can be significantly

reduced by TES through load curtailment and shifting.

5.1.2 Customer benefits
First, customers are offered more choices in the TES. They

can freely produce and sell energy and services, as well as

purchase energy from multiple sources. Second, opportunities

for new services to customers are unlocked by wider information

exchange in TES. Therefore, customers are free to choose and

enjoy their favorite services. Finally, TES will save customers’

costs over time and reduce the volatility of their bills, which will

increase their economic benefits.

5.1.3 Market benefits
First, TES is conducive to attractingmarket investment. It has

significant efficiency profits, both in the forward markets and in

the spot markets. Second, market impartiality is regulated and

guaranteed by the TES, which provides an efficient, fair, and

transparent platform for all participants. Finally, by having more

active participation in the market, a significant enhancement in

market efficiency may be realized (Siano, 2014). A further benefit
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is that it may reduce average wholesale prices, as well as the

volatility of peak prices.

5.2 Challenges

TES is a complex system that can provide functional and

extendible ways to integrate the self-directed resources of

participants to achieve the objective of coordinating the

interests of the single-user and region. A reasonable solution

requires the following issues to be addressed (Kok and

Widergren, 2016): 1) privacy and security; 2) standards-

formulating; 3) feasible transition; and 4) reliable, stable, and

automatic operation.

In addition to these concerns, one of the most challenging for

grid related control systems is the shift from a highly centralized

control system to a more distributed control system under the

TES configuration. The demand side will take a more important

role in the power system and diversified distributed control

strategies may emerge, both for energy suppliers and energy

consumers. As a result, the coordination between the distributed

control of end users and the centralized control of the grid is a

critical issue that urgently needs to be addressed. There are

currently many control methods for communication speed

and distributed control. For example, the distributed

consensus control algorithm is a high-speed communication

method, which is oriented to fully distributed control (Sun

et al., 2015; Wang et al., 2015; Qin et al., 2019). In addition,

the effectiveness of distributed control algorithm based on the

back-and-forth communication framework has also been verified

(Yu et al., 2021).

Realizing effective and high-speed communications is a

significant challenge for smart meters. This issue may be

difficult considering the varying environments and locations

of smart meters, especially in remote areas. This situation may

be very different between rural areas and urban areas. So far,

there are a large number of solutions, such as the use of cell and

pager networks, satellite, radios, power line communication, and

Internet-related networks (e.g., fixed wireless, mesh network, and

Wi-Fi). However, no single solution seems to be optimal for all

applications.

5.3 Future directions

New market structures will need to be developed to deal

with the uncertainty and intermittent of renewable energy

resources, both on a large-scale and distributed level. A cost-

effective, high-efficient, fair, and transparent market

operation mechanism will need to be built for customers

to make their transactions more free, safe, and trusting. In

addition, an active supplier community (or technology

ecosystem) will need to emerge to provide a healthy supply

of transactional energy products and services for customers.

Meanwhile, new business and regulatory models should be

established in the TES configuration, which will guarantee a

fair and transparent transaction environment for all of the

participants.

Considering the periodicity of the users’ energy consumption

and the uncertainty of new energy output, future research should

include a combined multi-time scale transaction control

mechanism. This will help to explore the potential of the TES

in the construction and development of power market and

distributed trading market, and promote the consumption of

renewable energy. The emergence of prosumers and distributed

renewable energy will bring a large amount of controllable

distributed energy to the demand side. Therefore, future

research in TES should focus on improving the interaction

between flexible resources. In addition, the development of

smart cities and smart energy has improved the level of

intelligent control of equipment, which will provide a

foundation for TES to build a clean, efficient, interactive, and

intelligent energy trading community.

TESs may also contain more energy forms, turning into

integrated energy systems. The new energy system is

dominated by electric energy and supplemented by other

energy, including natural gas energy, chilling water resources,

and thermal energy resources. The Internet of Things (IoT) will

be further developed by implementing TES. Finally, an Energy

Internet may emerge in the future.

6 Conclusion

TES, combined with both economic and control

mechanisms, provides an effective transactive platform for all

transacting parties to transact and communicate with each other.

This study introduces the basic concepts, system configuration,

and transaction mechanism of TES, which can integrate DERs

into the transactive market. By using a TES configuration, an

optimal control mechanism for integrated energy systems can be

established that considers flexible coupling and the

complementarity of multi-energy at the end users’ or regional

level. In addition, the benign competition mechanism in the TE

market improves the efficiency of the market and establishes a

reasonable market price. In the future, TE will play an

increasingly important role in energy management and

service, promote the establishment of new energy system

structures, and will also build new business and regulatory

models.
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