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Abstract: Integrated energy systems (IESs) couple multiple energy sources to promote clean energy
and reduce emissions. IESs need to participate in business activities, such as power trading, aided by
automated data-driven systems to achieve optimal and economical operation. However, challenges
arise due to the lack of unified data model standards and the semantic ambiguity of rules, on
top of the difficulty of synchronizing data across heterogeneous subsystems of integrated energy
management systems (IEMSs). Previous research on power trading data models was limited to
certain application scenarios and heterogeneities. This study pivots from proposing model standards
to a standard neutral way to align power trading rules across IEMS subsystems. The method
features a framework for power trading rules and a software platform called the power trading rule
synchronizer. The proposed approach can minimize semantic ambiguity and ensure the automated
rule synchronization across subsystems of IEMSs. A case study demonstrated the application of the
proposed method, saving an estimated 672 man-days in implementing the rules in 16 subsystems
of the IEMS, contributing directly and indirectly to reducing emissions. This study provides a
foundation for aligning other rules in IEMSs, such as carbon and gas trading rules.

Keywords: data synchronization; integrated energy management system; power trading;
emission reduction

1. Introduction

Integrated energy systems (IESs), which couple multiple energy sources, have become
critical in promoting clean energy consumption, decarbonization, and emission reduction.
These systems exemplify the shift from centralized to distributed energy systems, inte-
grating various energy participants, adopting intermittent renewable energy sources, and
dynamically balancing energy supply and demand.

IESs typically exhibit high complexity in the system structure, dynamic characteris-
tics, operation modes, and diversity in equipment categories and disciplines. Therefore,
integrated energy management systems (IEMSs) play a critical role in IESs, because IESs
integrate various energy system components through information sharing and coordinated
operation enabled by IEMSs [1].

However, the more ‘integrated” an IES is, the more integration an IEMS must demon-
strate. Standalone monitoring systems are often provided in combination with the physical
energy equipment by each individual energy equipment manufacturer. In IEMSs, dif-
ficulties arise in data exchange and the integration of these heterogeneous monitoring
subsystems and smart subsystems that are developed by other vendors to fulfill the analy-
sis, forecast, coordination, and decision-making functions [2,3].

From the data science perspective, the difficulty in data exchange results from hetero-
geneous data models across different systems. Previous studies have tried to standardize
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data models involved in IEMSs to solve the challenges in data exchange within IEMSs.
Nevertheless, due to the broad domain coverage of IEMSs and the incumbency of existing
data models, a widely accepted IEMS data model standard in academia or industry is
absent. In 2023, the authors of [4] proposed a community-driven trinity method consisting
of a data model framework, a connector platform, and operation strategy to connect data
islands in IEMSs, pivoting away from trying to create data model standards. The proposed
method offers a promising direction for reaching consensus on data models and data
exchange between vendors and subsystems by collaborative and software-aided means.
Nevertheless, the method targets the exchange of time series data within IEMSs.

As more and more IESs are involved in increasingly diverse power trading activities,
the data and algorithms in IEMSs are beginning to serve the decision making of power
trading. During the process of data exchange among multiple subsystems in IEMSs,
different subsystem developers have different understandings of the power trading rules,
including power products, entities, and price forms that the IES is subject to, leading to
inconsistency in the operation as well as semantics and context of the exchanged data.
Previous research on power trading data models has focused on applications in the data
management of systems of the market operators and between systems of different market
operators. Few studies have been conducted on data models related to power trading
rules from the perspective of power trading decision making and optimized operation
processes within the IEMS of a market participant. Meanwhile, it is analyzed in this paper
that the exchange of power trading rule data directly via the existing community-driven
data exchange method for time series data has drawbacks, such as losing rule structures,
frequent requests on infrequently updated data, and lack of global consistency.

This study aims to develop a data modeling and synchronization method to facilitate
the synchronization of power trading rules across the heterogeneous subsystems of IEMSs,
with the background that unified data model standards in the field are still absent. The
method is designed by analyzing the features of synchronization of power trading rule
data, figuring out the drawbacks using general data exchange methods for IEMSs, and
draws on methods in other areas to solve the drawbacks. The method is validated by
realizing the software platform and applying the method including the software in a case
study. The proposed method consists of two parts: a framework of power trading rules
from the perspective of market participants and a software platform called the power
trading rule synchronizer. The proposed method minimizes the applicable rules’ semantic
ambiguity, and automatically translates human semantics to machine-readable rule files.
Since subsystems can load all power trading rules directly from the machine-readable
rule files, the subsystems themselves can then be kept agnostic to the change of power
trading rules, hitherto fostering efficient synchronization and the execution of the same set
of power trading rules across multiple subsystems within an IEMS.

The main contributions of this study include:

(1) Proposing a framework for modeling power trading rules that allows the unambigu-
ous description of rules applicable to the IEMS, so that the different vendors of the
subsystems of IEMSs can avoid misalignment resulting from each reading through
and sorting out the initially freely written and lengthy rules.

(2) Designing and setting up a power trading rule synchronizer based on the framework,
which translates the human-aligned power trading rules to machine-readable config-
uration files to allow subsystems to be adaptive and synchronized to the changing
rules. The synchronizer was realized, and a case study demonstrated the application
of the framework and the synchronizer, wherein an IES engaged in three to five
power trading products successfully synchronized and updated the applicable rules
across subsystems.

Based on these contributions, other researchers can further extend the proposed
method to other rule-related data exchanges in IEMSs in fields such as carbon trading and
gas trading.
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The rest of the paper is organized as follows: Section 2 reviews previous research on
data models related to power trading rules and discusses the features of power trading
rules that differentiate the synchronization of power trading rules from time series data
exchange within the IEMS. Section 3 introduces the data modeling and synchronization
method for power trading rules. Section 4 presents a case study verifying the effectiveness
of the proposed method. Section 5 discusses the quantitative benefits of using the proposed
method. Finally, Section 6 concludes the paper.

2. Literature Review

Data from different sources can exhibit four types of heterogeneity: structural, syntax,
implementation, and semantic heterogeneity [5]. Only when these heterogeneities are
resolved can data integration and exchange between subsystems be carried out smoothly.
A data model defines the structure, syntax, semantics, and even implementation of the data
and is the cornerstone of data integration and exchange [6]. Since power trading rules are
also a kind of data, the synchronization and aligned understanding of power trading rules
among different subsystems can be reached if data models about power trading rules are
standardized. However, searching in literature with the keywords ‘power market model” or
‘power trading model” leads to many mechanism or algorithm models of the power market
rather than data models of power trading rules. For example, [7] reviews power market
models and trends and divides power market models into three categories: optimization,
balance, and simulation. In comparison, data asset management is still in the early stages
in the field of the power market, as Luo et al. mentioned in 2023 [8].

The search across three platforms—ScienceDirect, MDPI, and IEEE—with keyword
combinations of ‘data model” or ‘metadata’ with “‘power trading” or “‘power market” led
to only a limited number of papers on power trading data models. Based on the data
operators, these papers can be categorized into three groups, as shown in Figure 1: those
for market operators’ systems, generation groups or utilities’ systems, and consumers’ or
prosumers’ systems.

2.1. For Market Operators” Systems

Research efforts on power trading data models started by serving the internal systems
of power trading centers to enable the management of large amounts of data.

In 2011, Liu et al. [9] designed a market data model for the bidding and clearing of
power transactions in trading center platforms in China. In 2013, Long et al. [10] designed
a few standardized libraries, including a parameter library and rule library, for the trading
center platforms to flexibly cater to the diversity, complexity, and volatility of long-term
settlements executed in China. In 2014, Guo et al. [11] proposed data models of power
trading contracts to develop a power contract management system for the market operator
in China. Meanwhile, the international IEC has been continuously developing the standard
framework for energy market communications called IEC 62325, which facilitates data
integration between market operators and between market operators and traders. Although
inherited from the IEC 62325, existing data models of market entities were found unable to
meet the emerging needs of a single social entity to register as multiple types of market
entity in China [12].To solve the problem, Dong et al. [12] designed unified data models in
2020 to describe market participants in trading center platforms.

As power becomes tradable across different trading centers, data models on power
trading to enable data exchange between the systems of different trading centers were
also studied. In 2019, Shao et al. [13] proposed a unified model for China’s two-tier power
market to manage the market data of 27 provinces in China. In 2023, Xu et al. [14] proposed
a data model for multiple trading centers to exchange data to complete cross-provincial
and cross-regional transaction settlements. In 2020, Santos et al. [15] proposed an approach
for developing software tools to solve auction-based local electricity market transactions.
Although the proposed method focuses on the market operator side rather than the internal
data exchange on the market participant side, it tackled the challenge of constant updates
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to the data models and business rules by designing a structure of the engine and loading
configuration files. The configurations contain human and machine-readable data models.
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Figure 1. Categorization of existing literature on power trading rule data models.

The purpose of these data models is to facilitate data exchange and management
within a market operator’s system or between systems of different market operators rather
than from the perspective of power trading decision-making process within a market
participant. In fact, the data models employed by market operation systems are seldom
visible to market participants.

2.2. For Generation Companies and Utilities” Systems

Immensely little research focuses on the power trading data models designed for
utilities. This phenomenon might be because utilities operate large energy generators
traditionally and typically employ customized and proprietary energy data management
systems (EDMSs) to manage data exchange processes according to market rules. Once
the market rules change, utilities just have vendors to tailor the EDMSs [16,17]. Ulbricht
etal. [16] mentioned that trends such as renewable energy forecasting, mobile consumption,
and smart grids have led to technical challenges in data integration and analytics. However,
little research was found in the literature on designing the data exchange methods for
utility systems.
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2.3. For Consumers and Prosumers’ Systems, Including IEMSs

With the development of distributed energy and electrification, the energy supply,
storage, and consumption equipment used close to consumers have become increasingly
diverse. Different equipment manufacturers often offer standard systems for monitoring
and control with each energy equipment, such as photovoltaic panels and electric charging
pillars. The customized integration of the subsystems and incorporation of algorithms into
a holistic IEMS can be costly from the consumers’ perspective. Thus, the difficulties in data
exchange and lack of data model standards in the realm of IEMSs come to light.

The data models involved in IEMSs can primarily come from two domains: power and
energy system simulation and intelligent system operation. Both domains have existing
attempts at data model standards, some of which involve electricity trading rules to varying
degrees. In the power and energy system simulation domain, electricity market ontology
(EMO) [18] was developed in 2016 to provide MASCEM semantic interoperability with
external agent-based systems and has been extended to more power markets. The Open
Energy Ontology (OEO) [19] was proposed in 2021 to try to unify the ontologies of multiple
domains for the purpose of energy system analysis. In the intelligent system operation
domain, Sterk et al. [20] produced a data model report for the European project eBadge
in 2014. New data models covering the process of distributed energy resources at home
to participate in power balancing were proposed after the evaluation of the suitability of
standards, such as IEC standards and openADR [21]. In 2019, Schott et al. [22] proposed a
common data model for user-side power flexibility developed in collaboration with several
German companies. The European Telecommunications Standards Institute (ETSI) released
the Smart Appliances REFerence (SAREF) [23] ontology in 2020 that covers the energy
domain while aligning with the oneM2M standard [24]. However, these standards focus
on a specific application scenario or a high-level abstraction of a subdomain. Moreover,
as Santos et al. summarized in 2023 [25], there is considerable heterogeneity among
the data model standards in the power and energy domain, hardening their integration
and adoption.

To sum up, previous research in the field mainly focused on defining data models
for some trading products and processes for trading systems of the market operator. The
purpose of these data models was to facilitate the exchange and integration of data between
multiple submodules operated by the power trading centers rather than from the perspec-
tive of making power trading decisions of a market participant. Data model standards
proposed for energy system simulation or smart system operation can be options for the
systems on the market participant’s side. Nevertheless, the heterogeneity and limitation
of existing data model standards hinder their integration and adoption. Figuring out a
standard, neutral method to facilitate different subsystems of an IEMS to align on the
power trading rule data rather than reinventing or extending another wheel may well be
a practical direction to solve the rule data interoperability problem in IEMSs. It is also
inspired by the literature [4] that when data models and business rules constantly change,
fixed predefined data models are not optimal to support data exchanges. The separation
of data models into configuration files of system engines is promising to allow software
systems to be adaptive to the changing data model and business rules.

3. Data Modeling and Synchronization Method of Power Trading Rules in IEMSs
3.1. Features of Synchronization of Power Trading Rule Data
3.1.1. General Data Exchange Methods for IEMSs

As the operation support of IESs, IEMSs typically need to integrate data collection sub-
systems of different energy equipment and various forecasting and optimization scheduling
algorithm models for the entire or part of IESs by enabling the data exchange between the
different subsystems. However, the subsystems of IEMSs are often developed by different
vendors, which inevitably results in heterogeneity in the data models of the subsystems
of IEMSs.
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Previous studies have tried to standardize data models involved in IEMSs through CIM
or ontology to cope with the challenges in data exchange within IEMSs [26]. Nevertheless,
due to the broad domain coverage of IEMSs, low concentration of application suppliers,
and the incumbency of domains, it is mentioned in both academia and industry that a
widely accepted IEMS data model standard is absent [16]. Inspired by methods to solve
similar problems in areas such as biology and microscopic, Zhou et al. [4] switched from
attempting to create data model standards but proposed a collaborative and software-aided
approach to solve the dilemma. The approach consisted of a data model framework, an
IEMS data connector platform, and an operation strategy. The approach could foster the
alignment in data models and execution of data exchange needs between humans and
subsystems in an IEMS project.

3.1.2. Difference in Synchronization of Power Trading Rule Data from General
Data Exchange

In principle, power trading rules are also a kind of data that are needed and processed
in various subsystems of IEMSs, so that the IEMS can support the power trading business.
In this sense, the exchange of data related to power trading rules between the subsystems
of IEMSs can theoretically also be realized using the same methods, just as other data,
including measurement and monitoring data, do. However, in practical application, power
trading rule data have the following features that necessitate a dedicated design.

(1) Objective but interpretation-deviated: Power trading rules exist objectively but are
written in the free-text format in documents. In turning free-text data into the fixed
processing logic of software, different people’s interpretations of applicable and
often complex power trading rules will lead to deviations in software processing logic.
IEMSs may involve multiple subsystems developed by various vendors. Consistencies
in the interpretation and implementation of power trading rules across all involved
subsystems of IEMSs are desirable. In comparison, the exchange of time series data in
IEMSs, such as the real-time power of a wind turbine, serves the purpose of bilateral
data exchange between data production and consumption subsystems.

(2) Variables in time, location, and power products: Power trading rules can differ in
provinces, markets, power products, and participants. Power trading rules can also
change from time to time. Once there is a change in the power products that the IEMS
is trading, or in the participant roles that the IEMS is playing, or once the rules are
updated, the related processing logic of all the subsystems that provide the data to
support the decision making of power trading will have to be uniformly changed.
Such a change can bring considerable costs if the power trading rules are hard-coded
in all the subsystems.

Moreover, the use case of exchanging power trading rules in IEMSs is also different
from that of exchanging time series data. Time series data are exchanged between each
pair of data production and consumption subsystems of IEMSs. For example, the real-time
power of a wind turbine in SCADA is exchanged to power the product forecast subsystem.
In comparison, the exchange of power trading rule data is essentially a kind of data synchro-
nization across multiple subsystems rather than simply a bilateral exchange. The difference
between data exchange between the subsystems of IEMSs and the synchronization of power
trading rule data among the subsystems of IEMSs is illustrated in Figure 2.
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Figure 2. Illustration on the data exchange between subsystems of IEMSs and the synchronization of
power trading rule data among subsystems of IEMSs.

Taking the data feature of the power trading rules and the use case into consideration,
the direct application of data exchange methods for the time series data of IEMSs to power
trading rule data has the following drawbacks:

(1) Losing structure: the structure of power trade rule data, such as the interlink between
power products, market participant roles, and price formats, cannot be fully reflected
using the time series data format.

(2) Frequent requests on infrequently updated data: it can be costly and wasteful for
subsystems to query power trade rule data frequently, but the data remain infrequently
updated, such as once a year.

(3) Lack of global consistency: The bilateral exchange of applicable power trading rule
data may lead to conflicts within an IEMS. Instead, the power trading rules in which
an IEMS is involved should be unique across all related subsystems in an IEMS.

Therefore, new methods are to be designed according to the features and use case
of the power trading rule data to tackle these drawbacks to ensure consistencies in the
applicable power trading rules across all involved subsystems of IEMSs. Considering
that data model standards on power trading rules have not been unified and widely
accepted from the perspective of market participants according to the literature review in
Section 2, as well as the complexity of power trading rules themselves, this study draws
on Zhou et al.’s [4] ideas to enable consistent rule data synchronization in an IEMS in a
collaborative and software-aided way through a combination of data modeling frameworks
and a software platform.

3.2. Data Model Framework for Power Trading Rules

The data model standards of the power trading centers cannot be fully used and
directly applied as standards for IEMS subsystems that serve internal trading decisions. As
summarized in the literature review in Section 2, there has been research on the data models
of the power trading rules from the perspective of the market operators, which focused
on the internal logic of the market operation systems, such as the participant registration
process [12], contract structure [11], clearing process, and settlement process. The data
models of the market operation systems do not care about the internal structure of the IES.
In contrast, for IESs as a market participant, the subsystems of the IEMSs should coordinate
to support the trading decision-making process, which does not care about the registration,
contract, clearing, and settlement process but should instead focus on the data about ‘which
part of the IES acts as which role and bids which quotation for which products’. Based on
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extensive industrial field research and the analysis of the features and use case of the power
trading rule data in Section 3.1, a data model framework to describe power trading rules on
the market participants’ side is proposed. As shown in Figure 3, the framework comprises
three hierarchical parts: power trading product, market participant, and price format.

Power Market
Product -~ Participant ~ ¢—

Es @ Ed

Price Format

H Link to measurement point on energy
E:é Link to data model @ : ( s ' point ¢ 2y
system topology

Figure 3. The framework of power trading rule data model.

An IEMS often engages in trading multiple power products with different rules
simultaneously, such as power spot products and demand response. In the framework,
each power product can be associated with various market participants, while each market
participant can be associated with multiple price formats. Moreover, each power product
or price format is linked to a data model so that the attributes of the power product or price
format can be defined. These data models can vary in IEMSs and time, but the subsystems
of the same IEMS can see the same details of the data models.

The market participant part identifies with which type of participant the IEMS is
trading the products. An IEMS may participate in trading different trading products in the
role of different participants. For example, in an industry park, factories can participate in
medium-term and long-term power products and ancillary service, while staff dormitories
as residential users cannot. Energy storage devices can participate in demand response
either independently or as an integrated part of the factory. The market participant can be
associated with a unique topological node in the IES, such as an entity in the data twin
of the IEMS data connector or a metering point in an Internet-of-Things (IoT) platform to
ensure for all subsystem vendors the clear and consistent identification of the object scope
to participate.

The price format part specifies the quotation requirements for a given market par-
ticipant in each trading product. Different products may require different price formats,
influencing the optimal generation operation and consumption mode. For example, power
generation participants need to declare startup costs, minimum stable output, operating
costs, and multisegment quotation curves in spot market products. In contrast, users and
electricity resellers must declare unit electricity prices for various demand intervals when
trading power spot products.

The proposed framework can help users align unambiguously on the targeted power
trading rules. For instance, the often-heard term ‘trading once every 15 min’ can be
interpreted in the following four totally different versions:

(1) The minimum product time resolution is 15 min.

(2) The minimum quotation time resolution is 15 min.

(3) Transactions can be executed up to 15 min before delivery.
(4) Transactions occur every 15 min.

These four interpretations can be delineated clearly with the proposed framework:

(1) A power product is defined with a data model whose attribute name ‘product time
resolution_min” has a value of 15.

(2) A price format is defined with a data model whose attribute name ‘time resolu-
tion_min’ has a value of 15.

(3) A price format is defined with a data model whose attribute name ‘gate closure_min’
has a value of 15.
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(4) A power product is defined with a data model whose attribute name ‘transaction
cycle_min’ has a value of 15.

The proposed framework enables, at the human-to-human level, an unambiguous
definition of the power trading rules that an IEMS is subject to, helping IEMS application
vendors understand the system’s trading requirements. The framework can work indepen-
dently or cope with other data frameworks in use, such as those in the IEMS data connector.
However, it will be hard for any framework to be executed if the applicable rules defined
according to the framework are aligned only between humans, but the subsystems are
unaffected. In fact, the definitions according to the framework and the values of the data
models in the framework, must be saved and synchronized at the machine-to-machine
level, ensuring automated and coordinated application of the rules across subsystems
in IEMSs.

3.3. Power Trading Rule Synchronizer

The power trading rule synchronizer is constructed to synchronize the power trading
rule data among various subsystems in IEMSs, considering the data’s structure, low update
frequency, and global consistency features. The rule synchronizer consists of two parts, as
shown in Figure 4: the power trading rule configuration interface and the power trading
rule converter. The rule synchronizer can work alone or cope with other IoT software or
data exchange platforms, such as the IEMS data connector, if any, in the IEMS, to better
manage the data models or define the object scope. The rule synchronizer was implemented
in Golang.

Power trading rule synchronizer

Power trading rule Power trading rule

............... . configuration interface converter
; Data y
i Exchange Power Product XML
+ Platforms
Market Participant >
................ Automatically JSON
' JOT Platform . translate
e . Price Format configuration into YAML
rule files
Collaboratively Automatically
configure rule data synchronize to

models and values multiple
subsystems by

FTP, SFTP, rsync
\ —
0

Business specialists Subsystems

: : Optional external platforms

Figure 4. Structure and function of the power trading rule synchronizer.

The power trading rule configuration interface offers an intuitive graphical interface.
It allows business specialists of IES owners and subsystem vendors, even without any
programming background, to create, read, update, and delete (CRUD) the applicable power
trading rules intuitively. The configuration interface follows the data model framework
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for power trading rules in Section 3.2. Users can intuitively configure the power trading
products, the associated market participant roles, and the price format.

The power trading rule converter automatically translates the user configuration
in the configuration interface to rule configuration files in three formats: XML, JSON,
and YAML. These formats are human- and machine-friendly, open, widely used, and
independent of any programming language. The human readability of the rule files allows
users to read through the applicable rules offline. The machine readability ensures that the
rule configuration files can be parsed directly by subsystems using various programming
languages and technology stacks, isolating the rules from the code. The subsystems can
automatically or semiautomatically update internal power trading related logic by reading
the fields, attributes, and values in the rule configuration file. This approach is similar to
the one offered by Google Cloud, in which JSON and YAML configuration files are used
to automatically deploy and update the internal logic of multiple apps [27]. The power
trading rule converter serves as a source server after converting the user configuration to the
rule configuration files. It provides one-way synchronization to subsystems through FIP,
SFTP protocols, or the rsync command. Each subsystem has the flexibility to choose either
way, by their own synchronization implementation components, to obtain file updates
according to each vendor’s preference and technology stack: passively wait for the power
trading rule converter to synchronize updates to the subsystem by the PORT mode of
FTP; actively request files periodically from the power trading rule converter by the PASV
mode of FTP; enhance security by SFTP; leverage rsync with the inotify function to monitor
and actively synchronize any changes from the power trading rule converter. Since each
IEMS has only one rule configuration file in each format, and every version change in the
configuration interface will be automatically updated in configuration files in real time,
the power trading rule converter always provides the latest single source of truth about
applicable power trading rules to the subsystems. The subsystems can then be programmed
to load the attributes and values automatically from the configuration file. If the values of
the attributes in the rule configuration files are updated, the subsystems can automatically
load the new values in their internal processing logic after obtaining and parsing the latest
rule configuration files. If the attributes are not findable or redundant with those already in
one subsystem, the developer of the subsystem can simply map the attribute names in the
rule configuration files with existing fields in the internal processing logic, if needed, with
the aid of the visualized collaborative configuration on the power trading rule configuration
interface to align the context of the attributes.

Figure 5 illustrates the steps of synchronizing the power trading rules to the subsys-
tems by the traditional manual method and the proposed method. Traditionally, applying
the power trading rules in the subsystems involves the business specialist of each subsystem
vendor understanding the rules in the free-text format, writing specifications to software
developers, and code developers modifying the subsystem codes. Each step can suffer
from comprehending deviation from the previous step and between different vendors. In
contrast, the power trading rule configuration interface provides an intuitive graphical
user interface to foster the alignment of the applicable power trading rules according to the
data model framework for power trading rules at the human-to-human level. The power
trading rule converter realizes that applicable power trading rules are synchronized and
implemented among different subsystems at the machine-to-machine level. Any updates
on the applicable power trading rules can be configured by users through the power trading
rule configuration interface, translated into new rule configuration files, made available
to subsystems by the power trading rule converter, and then loaded by subsystems. The
configuration files are both human- and machine-readable. Subsystems can then be pro-
grammed to be agnostic to power trading rules, loading any power trading rule-related
values from the rule configuration files. Combining the power trading rule configuration
interface and the power trading rule converter, the power trading rule synchronizer fosters
the alignment of the applicable power trading. It allows flexible changes to be synchronized
among subsystems without altering the underlying codes.
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Figure 5. Flow charts of traditional manual synchronization and synchronization by the proposed
method. (Colored arrows mean different understandings and formats; black arrows mean consistent
understanding in the same format).

4. Case Study
4.1. Project Introduction

This paper leverages a case study of the IES of an industrial park located in Jiangsu
Province, China. Figure 6 shows the subsystems of the IEMS of the industrial park, as well
as the data flow between the subsystems. The ‘power trading management’ subsystem
manages trading decisions, contract management, billing, and settlements for various
power trading products. The trading decision-making function of the subsystem relies
on forecast data from four subsystems: wind power generation forecast, photovoltaic
power generation forecast, power load forecast, and battery management system. The
three forecast subsystems depend further on data from nine other subsystems. Therefore,
consistent power trading rules among all 16 subsystems are essential to coordinate the
whole data exchange and processing chain.

The IES participated in multiple power trading products, with the applicable rules
changing along with the changes in the tariff structure, the composition of the energy
system, and the market rules. From the year 2020 to 2023, the industrial park was engaged
in three different power trading products, which are long-term power trading and two
kinds of demand response products. Since 2023, the applicable power trading rules were
changed in three ways: The power spot market was opened, and a new trading product
called “‘power spot” was added to the list of IES trading products. The staff dormitory, as
part of the IES, was switched to the household power tariff, thus being excluded from
participation in power markets. A battery power storage was newly installed in the IES.
It served as part of the IES when the IES was trading in the power spot and long-term
markets, and it participated independently in the demand response market for higher
prices as an interruptible load.
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Figure 6. Subsystems of IEMSs in the case study.

All the applicable power trading rules were modeled and synchronized among the
subsystems of the IEMS with the aid of the proposed method in this paper. The data model
framework structured and aligned the interpretation of the applicable trading rules, while
the power trading rule synchronizer configured, stored, updated, and synchronized the
rules across the subsystems.

4.2. Initial Synchronization of Power Trading Rules

The IES started participating in power trading in the year 2020, when it traded two
types of electricity products: long-term electricity trading and demand response. The
demand response was further divided into two subcategories based on the notification time.
Figure 7 is a flow chart about the process of the rules synchronized to and implemented in
subsystems using the proposed method.

Initial synchronization

—
[} ‘ [ (oD ]
Collaboratively configure Automatically [ Is any field names in the (8 Automatically load
the rules of 3 power trading —— translate torule ~—* configuration files different EE— l.;zma :la yﬁ?a
products on the GUI configuration files from those in the subsystem? No configuration fries

Map the fields
in the subsystem

Figure 7. Flow chart of the initial synchronization of power trading rules to the subsystems.

Therefore, the IEMS operator created three power trading products linked to two data
models: power energy product and demand response, as shown in Figure 8.
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E?a Power Energy Product
gate closure date  string The date of the moment when contracts on day D are
frozen
gate closure time  time The time of the moment when contracts are frozen
time interval integer Minimum time unit in second of the product that can
be traded
g

Jiangsu Long-term Power

gate closure date D-1
gate closure time 23: 59
time interval 3600
E% Demand Response
earlierst notice time  float The earliest notice time for the power grid to send a

demand response invitation to market participants. If
the value is X, the earliest notice time is X hours in
advance of the use time.

latest notice time float The latest notice time in hour for the power grid to
send demand response invitation

time interval integer Minimum time unit in second of the product that can
be traded
S S
Jiangsu Demand Response Jiangsu Demand Response

Tier 1 Tier 2

earlierst notice time 4 earlierst notice time 48

latest notice time 0.5 latest notice time 4

time interval 3600 time interval 3600

Figure 8. Data models of power trading products.

From 2020 to 2023, the IES participated in all three power trading products as a large
consumer. Thus, the three products were linked to the same ‘market participant” as ‘large
consumer’. The role was linked to a node called ‘industrial park’, which represented the
whole industrial park according to the conventions of the daily operator of IEMSs. Since the
long-term power product and the demand response product have different price formats,
two price formats were also created on the configuration interface of the power trading
rule synchronizer. Altogether, the applicable power trading rules were configured in the
rule synchronizer, as shown in Figure 9. Through the power trading rule configuration
converter, these configurations were converted into rule configuration files in JSON, XML,
and YAML formats. All the subsystems of IEMSs then loaded the same configuration in any
of the rule configuration formats via the file transfer protocol (FTP). Some of the attribute
names in the configuration file were identical to those in the subsystems, so that the rules in
the configuration files were directly and automatically implemented in the subsystems. The
other attribute names in the configuration files were different from those in the subsystems.
The software developers looked up the descriptions of the attributes in the configuration
interface when they were unsure about the meaning of the attributes and then simply
mapped the attribute names in the configuration files with those applied in the subsystems,
after which the rules could also be automatically implemented in the subsystems. Without
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the proposed method, the three sets of power trading rules would have to be manually
conveyed verbally or in free-text form from the IEMS owner to 15 subsystem vendors and
then further to the software product and development teams, which would be error-prone.

Power Product: Market Participant: Price Format:
iangsu long-t IL 5 E i
]1anglsu ong-term power . arge user . nergy price .
== Linked Data Model: Linked Node: EE Linked Data Model:
© Power energy product Industrial park © Energy price
Power Product: Market Participant: Price Format:
Jiangsu demand response Large user Demand reponse price
tier 1 .
E: Linked Data Model: Linked Node: E:l Linked Data Model:
© Demand desponse Industrial park ODemand response price

Power Product: Market Participant: Price Format:
Jiangsu demand response Large user Demand reponse price
tier 2 ’ ¥
Ej Linked Data Model: D Linked Node: E:l Linked Data Model:
© Demand desponse Industrial park ©Demand response price

Figure 9. Initial configuration of the power trading rules in the rule synchronizer.

4.3. Update Synchronization of Power Trading Rules

Since 2023, the industrial park participated in a newly opened market called the power
spot market. Concurrently, the dormitory within the park was excluded from the power
market participation due to switching to the household power tariff. Battery storage was
newly installed and could participate in multiple power products. These changes resulted
in multiple changes in the applicable power rules to the IEMS. Without the application of
the proposed method, such changes in the power trading rules could have led to manual
coordination of changing the codes of all subsystems involved. However, starting in 2020,
the subsystems of the IEMS had been agnostic to power trading rules and synchronized
the power trading rules from the configuration files” output by the power trading rule
synchronizer. Figure 10 is a flow chart about the process of the updates synchronized to and
implemented in subsystems using the proposed method. The changes in power trading
rules in 2023 were easily updated within clicks in the power trading rule configuration
interface, as shown in Figure 11. The power trading rule converter then translated the
updates into new rule files. Although the number of power products, the linked nodes, and
the participants were updated, no new attributes needed to be created. Each subsystem
could then directly load the updates from the configuration files and implement the rules
quickly, accurately, and unambiguously without the engagement of software developers.
Without the proposed method, such updates would have to be manually conveyed from
the IEMS owner to 16 subsystem vendors. Each vendor would have to check manually
whether the subsystem needed modifications. If needed, the vendor would have to involve
product managers and developers to update the codes accordingly.

Update synchronization

No need for involving

developers since no new rule .
: @ attributes are created
Automatically , Automatically load
configuration files

configuration files

Figure 10. Flow chart of the update synchronization of power trading rules to the subsystems.
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Updates in 2023
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Figure 11. Updates of the power trading rules synchronized in the rule synchronizer.

5. Discussion on the Quantitative Benefits

The proposed method can directly enhance efficiency and ensure consistency in the
synchronization and implementation of complicated power trading rules among the sub-
systems of an IEMS. Subsequently, the method can also indirectly bring emission reduction
benefits to society by empowering IEMSs to participate in multiple types of power trading
products, such as power spot, demand response, and ancillary services. However, it is
difficult in practice to conduct a comparative experiment on the quantitative direct and
indirect benefits with and without the proposed method on two identical IEMSs. This
section tries to set up a simplified quantitative model of the direct and indirect effects of
the proposed method to shed light on the magnitude of the effects.

5.1. Quantitative Model of the Benefits

The proposed method brings twofold benefits.

First, by avoiding manual coordination, natural language ambiguity, and code modi-
fications during the synchronization and implementation of power trading rules among
different subsystems of IEMSs, the proposed method reduces manpower consumption,
which leads to direct emission reduction benefits. Assume that:

(1) There are N subsystems involved in power trading rule synchronization in an IEMS.

(2) There are R groups of power trading rules involved.

(38) The average number of annual changed rule attribute values is U%, with U% € [0, 1].

(4) The average number of annual new rule attributes is V%, with V% € [0, +«].

(5) The workdays that subsystem developers need to understand the rules in free-text
format and convert them into program requirements is Xjang.
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(6) The workdays that business specialists need to understand the rules in free-text format
and make subsequent changes in the rule configuration on the graphical power trading
rule configuration interface is Xonfig-

(7) The workdays that subsystem developers need to map new attributes in the rule
configuration files to existing fields in the processing logic is Xmap,while it does
not require any code development from subsystem developers when only the rule
attribute values are changed and synchronized to subsystems.

The initial status is that the subsystems of an IEMS have been adapted to the power
trading rules based on manual coordination and customized code development and by the
power trading rule synchronizer. Once the power trading rules need to be updated, the
workload of implementing the updates in the subsystems one by one by traditional manual
coordination and code modification can be expressed as Equation (1). In comparison,
using the proposed method requires only one business specialist from the vendors or
from the IES owner to convert the updates in power trading rules in natural language
into the configuration in the power trading rules synchronizer, leaving the subsystems to
automatically receive and implement the updates via machine-readable configuration files.
The workload of using the proposed method to the power trading rule synchronizer can be
expressed as Equation (2).

Ctotal_onebyone = N'R'(UO/O + VO/O)'Xlang 1)

Crotalyyne = N'R- [(u% + V%)-Xeonsig + V%.Xmap] )

In practice, the absolute values of Xjang, Xconfig; and Xmap depend on the familiarity
of each subsystem developer with the power trading rules. However, X, is larger than
the sum of Xconfig and Xmap, since Xjang involves the business specialists and developers of
each subsystem to understand natural language rules and update requirements and code
modifications that are more complicated than field mapping. For simplification, assume
that Xjang = 8 Xconfig = 4 Xmap, the saved workdays using the proposed method compared
to the traditional manual method can be expressed as Equation (3). Assume that each
human produces Epyman ton COye per workday. The direct emission reduction impact
brought by the proposed method can be calculated by Equation (4).

ACtotal = Ctotal_onebyone - Cto’falSynC =N 'R'<7U% + 5V%)'Xconﬁg (3)

ERSynC = ACtotal' Ehuman (4)

Second, by synchronizing the power trading rules to the subsystems, IEMSs are
empowered to participate in power trading in a data-driven and overall optimized manner,
thereby indirectly bringing about emission reduction benefits. The emission reduction that
an IEMS can achieve by participating in power trading depends on the hardware settings
of the IES as well as the operation of the IEMS. Ming Jin et al. [28] conducted a simulation
based on the data of six actual microgrid IESs and found that compared with operation at a
fixed electricity price, optimizing the operation by responding to the real-time electricity
price of the market can reduce carbon emissions by 3.7% to 4.7% due to a higher penetration
of renewable energy and demand response. Assume the participation of the IEMS in power
trading brings Si;.qe % of reduced carbon emissions of the IES, the annual average power
of the IES is Power, the annual average emission factor of the IES is EFenergy; thus, the
annual emission reduction brought about by the IEMS participating in power trading can
be expressed by Equation (5).

ERtrade = Power'8760'EFenergy'Strade% (5)
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5.2. Quantitative Benefits of the Method in the Case Study

Table 1 summarizes the parameter values for estimating the quantitative benefits
of the proposed method in the case study mentioned in the Section 4. The values of N,
Power, R, U%, and V% can be directly obtained from IESs, IEMSs, and by counting the
power trading rules described in Sections 4.2 and 4.3. EFenergy is estimated by considering
the annual utilization hours of photovoltaic and wind power generated and the officially
announced emission factor of the power grid in Jiangsu Province, China [29]. Epyman iS
taken as 0.01 tons of CO, equivalent per man-day according to the data published by the
Nature Conservancy [30]. Siage% is calculated as the average value mentioned in the
literature [28].

Table 1. Parameter values for the proposed method used in the case study.

Parameter Meaning Unit Value
N Number of subsystems to synchronize power trading rules / 16
The workdays that a business specialist needs to understand
Xconfig the rules in free-text format and make subsequent changes in Man-day 1
the power trading rule configuration interface
R Number of groups of power trading rules / 6
U% The percentage of changed rule attribute values in the year / 100%
2023 compared to the rule attributes in the year 2022
V% The percentage of new rule attributes in the year 2023 / 0%
compared to the rule attributes in the year 2022
Ehuman Emission produced by each man-day COne /tr?:;n- day 0.01 [30]
EFenergy Emission factor of the IES ton COp./MWh 0.596 [29]
Power Annual averaged power of the IES MW 16.25
Strage The percentage of emission reduction brought by the IEMS / 4.2% [28]

participating in power trading

By substituting the values in Table 1 into Equations (3)—(5), applying the proposed
method in the IEMS of the case study in Section 4 brings direct savings on system code
development of 672 man-days, reducing 6.72 tons of carbon emission for the updates in
the power trading rules in all the 16 subsystems of the IEMS in the year 2023. The method
also leads to an indirect emission reduction of 3563.3 tons COp, annually by promoting the
IEMS to engage in power trading with all the subsystems coordinated by implementing the
same power trading rules. It is worth noting that the parameter values vary depending on
the actual engineering circumstances, the familiarity and development capability of system
vendors, and project coordination. The quantitative model provides a simplified estimation
of the complicated engineering process. The calculated quantitative benefits of the method
are to show the order of magnitudes of the benefits rather than absolute exact values.

6. Conclusions and Recommendations

As fluctuating renewable energy and distributed energy become increasingly popular
in the form of IES, more IESs are participating in power trading as market participants.
However, due to the lack of data model standards in power trading rules, the semantic
ambiguity of power trading rules in free-text format, and the innate data exchange difficulty
across heterogeneous subsystems of IEMSs, the subsystems of an IEMS may work under
different power trading rules, resulting in the uncoordinated operation of different parts of
the IES. Current data exchange methods in the IEMS for time series data, if applied to the
synchronization of power trading rule data, can result in drawbacks, such as losing rule
structure, costly requests, and lack of global consistency.

Given the reality in engineering that the subsystems of IEMSs are provided by a
wide range of vendors, this paper pivots from proposing a fixed data model standard
on power trading rules that awaits brutal forced execution among all vendors. Instead,
this paper proposes a collaborative and software-aided approach to foster the alignment
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of the applicable power trading rules among the subsystem developers in an IEMS at
the human-to-human and machine-to-machine levels. The proposed method comprises
two parts: the data model framework for power trading rules and the software platform
called power trading rule synchronizer. The framework aims to ensure an unambiguous
understanding of the applicable power trading rules on a human-to-human level within an
IEMS. The proposed framework includes three hierarchical layers: power product, market
participant, and price format. The rule synchronizer provides an intuitive interface for
IEMS operators and subsystem vendors to configure and read the applicable power trading
rules according to the proposed data model framework. Moreover, the rule synchronizer
can automatically convert the configured rules into machine-readable configuration files
for subsystems to load via the FTP to synchronize the applicable rules.

The proposed method was demonstrated by a case study. In the case study, the IEMS
of an industrial park needed to obtain wind power, photovoltaic power, and power load
forecasts, as well as energy storage charging and discharging conditions from four subsys-
tems for power trading. The first three subsystems required further data from nine other
subsystems. The IES participated in three to five power trading products with different
market participant roles and price formats. Through the proposed synchronization method,
personnel without programming knowledge configured and updated the applicable trad-
ing rules intuitively. After the configuration, the rules were automatically converted into
machine-readable formats and synchronized across 16 subsystems. As market conditions
and IESs evolved, changes in power trading rules could be configured, converted, and
synchronized within the IEMS continuously using the proposed method. An estimated
direct saving of 672 man-days could be achieved using the proposed method compared to
traditional manual coordination and code modification to update and implement the rules
in all 16 subsystems. The case study demonstrated that the proposed method enhanced the
operability and convenience of managing accurate, unified, and updated power trading
rules across multiple subsystems.

This paper is, however, only a preliminary study that demonstrates the idea of aligning
the understanding of different subsystem vendors on rules with data model frameworks,
while synchronizing the aligned rules automatically to subsystems in a software-aided
way. Future research can explore in three directions: enhancing the comprehensiveness and
other structure possibilities of the data model frameworks with more applications in real
IEMSs in different regions; designing a more sophisticated rule synchronizer to actively
engage in the subsystems rather than just providing rule files and waiting for subsystems
to parse; extending the proposed method to other rule-related data in the IEMS, such as
carbon trading rules and gas trading rules.
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