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ABSTRACT: With the severe challenges brought by global climate change, exploring and developing clean and
renewable energy systems to upgrade the energy structure has become an inevitable trend in related research. The
comprehensive park systems integrated with photovoltaic, energy storage, direct current, and flexible loads (PEDF)
is able to play an important role in promoting energy transformation and achieving sustainable development. In
order to fully understand the advantages of PEDF parks in energy conservation and carbon reduction, this paper
summarizes existing studies and prospects future research directions on the low-carbon operation of the PEDF park.
This paper first introduces carbon emission monitoring and evaluation methods, and then analyzes bi-level optimal
dispatch strategies for flexible loads. Meanwhile, the paper provides a prospective analysis of the innovations that can
be brought by advanced technologies to the PEDF park. Finally, this paper puts forward the challenges faced by current
research and provides prospects for future research directions. This paper emphasizes that related research should focus
on collaborating key technologies of PEDF systems and integrating advanced innovations to address challenges and
fully leverage the advantages of PEDF technology in energy saving and carbon reduction. This paper aims to provide
systematic theoretical guidance and supplements for the research and practice of the PEDF technology.

KEYWORDS: Photovoltaic; energy storage; direct current; and flexible load (PEDF); low-carbon operation; carbon
emission; flexible load; bi-level dispatch

1 Introduction

Under the severe challenge of global climate change, energy transition has become a common focus
of attention for all countries. With the acceleration of industrialization and urbanization, energy demand
continues to grow. Traditional fossil energy systems not only have limited resources, but also generate a
large amount of greenhouse gases during use, exacerbating the crisis of global warming. Therefore, exploring
and developing clean and renewable energy (RE) systems to upgrade the energy structure has become an
inevitable trend in global energy development [1].

As a new type of energy system, the comprehensive park system integrated with photovoltaic, energy
storage, direct current, and flexible load (PEDF) technologies (PEDF park for short) demonstrates enormous
application potential and development prospects [2]. The system achieves direct utilization of solar energy
through photovoltaic (PV) power generation, reducing dependence on fossil fuels; balancing energy supply
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and demand through energy storage (ES) systems to improve energy utilization efficiency; optimizing energy
transmission through direct current (DC) distribution to reduce transmission losses; achieve intelligent
regulation of adjustable loads, enhancing the flexibility and stability of the system. These characteristics
make the PEDF park of great significance in promoting energy transformation and achieving low-carbon
development [3].

1.1 Related Works

Related research has explored various components of the PEDF system, including the specific imple-
mentation methods and optimization strategies of the four key components (PV, ES, DC distribution, and
flexible load), gradually improving the PEDF theoretical framework. Research on PV technologies focuses
on improving the efficiency of PV power generation [4], reducing the cost of PV panels [5], and optimizing
the layout of PV panels on building surfaces [6]. In terms of ES technology, the application of battery energy
storage (BES) [7], supercapacitor ES [8], etc., in PEDF systems, as well as the optimization configuration
and dispatch strategies of ES systems [9,10], have been explored. Research on DC distribution systems has
proposed topology structures [11], control strategies [12], and interface technologies with other systems [13]
to improve energy transmission efficiency and stability. The research on flexible load technology aims to
achieve flexible interaction between flexible loads in energy systems and power grids, including demand side
response [14], virtual power plants [15], and other functions to improve the flexibility and reliability of the
system [16].

Although the PEDF technology has many advantages in theory, it still faces problems of insufficient
technological maturity and poor stability in practical applications. Further optimization and improvement
of related technologies are needed to enhance the overall performance and stability of the system [17]. In
addition, PEDF technology involves the integration and optimization of multiple subsystems. How to achieve
collaborative work between various subsystems and improve the overall efficiency and reliability of the
system is also an important challenge facing current academic research [18].

At present, there are some survey and prospect papers in the field of PEDF technology, which have made
contributions in constructing theoretical foundations, depicting technological panorama, and outlooking for
future development prospects. They not only systematically analyze the core concepts, technical architecture,
and global development trends and future trends of PEDF technology, but also highlight the profound
impact of this technology on improving energy system efficiency and promoting low-carbon economic
transformation through detailed case studies. In [19], the authors emphasize the advantages of applying DC
distribution in the energy management and carbon reduction in PEDF buildings, but they simply provide
overall feasibility analysis that lacks support for theoretical and technical details. Similarly, reference [20]
aims to establish a DC distribution network architecture in order to facilitate an energy management system
for the PEDF building, but how PV, ES, DC distribution networks, and flexible loads will collaborate under
the energy management system is not explored in depth. In contrast, reference [21] summarizes the structure
of DC microgrid in PEDF buildings and analyzes its coordinated control strategies in detail. The work focuses
on control strategy selection under different control modes, but how different control strategies contribute
to the energy utilization and carbon reduction is not involved. In [22], the authors provide an overview of
PEDF technologies as well as application examples of PEDF buildings. Although great technical details are
included in the work, the technologies of the four key components of PEDF systems are introduced in a
rather separate way so that the interaction between these components are not clearly described.

In summary, these studies still have some shortcomings. On the one hand, existing review papers tend
to summarize PV, ES, DC distribution, and flexible load technologies separately, lacking a systematic view
and analysis of the various components and their interaction mechanisms of PEDF technology. On the other
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hand, there is insufficient academic exploration on the regulation strategies of PEDF technology in specific
complicated systems, lacking systematic theoretical analysis and empirical verification.

1.2 Motivations and Contributions of This Paper

Given the above background, it is particularly important to further explore the low-carbon operation
of PEDF parks, which simultaneously pays attention to the goal of reducing carbon emission during the
energy utilization, dispatch, and management in the park. The PEDF technology can provide an innovative
technological path for low-carbon operation in the park with its unique advantages. However, to achieve this
goal, it is necessary to conduct in-depth research on the specific application strategies of PEDF technology
in the park to ensure that the technology can maximize its benefits. Therefore, this paper aims to provide
a systematic review of low-carbon operation in PEDF parks based on the current research status, analyze
the problems and challenges, and propose future research directions and priorities. The research in this
paper not only helps to deepen the understanding and recognition of PEDF technologies, but also provides
useful references and inspirations for promoting the practical application and development of PEDF parks
in the future.

Different from most review papers that usually separately introduce the progress of four key technolo-
gies of PV, ES, DC distribution, and flexible load control, this paper constructs a comprehensive theoretical
framework by exploring their interaction mechanisms. This paper summarizes the methods of carbon
emission monitoring and evaluation, as well as the bi-level optimal dispatch strategies for flexible loads.
This not only provides a comprehensive understanding of the application of PEDF technology in specific
complex systems, but also provides scientific and strategic support for the subsequent research on low-
carbon operation of PEDF parks. Furthermore, from an application perspective, this paper highlights the
enormous potential of PEDF technology in promoting energy structure optimization and upgrading, and
achieving low-carbon development. In particular, this paper emphasizes the deep integration of intelligence
and automation technology, the construction of energy Internet, the research and development of new RE
technology and ES technology, and other future research directions, which provides useful reference for the
practical application and future development of PEDF technology. This not only enhances the practical value
of this paper, but also provides innovative ideas for the transformation and upgrading of energy systems.

In the following sections, we will first outline the basic concepts and characteristics of PEDF park sys-
tems (Section 2), then introduce current carbon emission monitoring and assessment methods (Section 3),
the theory of bi-level dispatch of flexible loads (Section 4), and the innovations in low-carbon operation
strategies that can be brought by advanced technologies (Section 5), and finally analyze the challenges faced
and future development trends (Section 6). The outline of this paper is shown in Fig. 1. Through the analysis
of these contents, we hope to provide support and guidance for the further research and application of
PEDF parks.
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Figure 1: Outline of this paper

2 Overview of PEDF Park Energy System

A PEDF park integrates PV power generation, ES systems, DC distribution system, and flexible load
management technologies, forming an eflicient, collaborative, green, and low-carbon energy ecosystem. The
core feature of this park lies in its highly integrated technology system and flexible management mode. It
can help to achieve self-sufficiency, efficient utilization, and flexible dispatch of energy. The concept of PEDF
park emphasizes the overall optimization and sustainable development of the energy system, i.e., the system
can provide energy services continuously, stably, and efficiently during long-term operation, while reducing
negative impacts on the environment. This section first introduces the main components of the PEDF park,
and then analyzes the role and its advantages in the energy system.

2.1 Main Components of PEDF Park Energy System

A typical PEDF park system can be described as Fig. 2. Below is a brief introduction to the main
components of the system [14]:

« PV Generation: PV power generation is the main energy supply method for PEDF parks. It can capture
solar energy and convert it into electrical energy for the park. This not only provides clean and RE, but
also reduces the carbon emissions of the park. To ensure maximum power generation efficiency, PV
generation is usually combined with weather forecasting and other predictive technologies.

o  ES System: The ES system can store electrical energy when there is an excess of energy and release it when
there is a shortage of energy, playing a role in energy buffering and balancing. In addition to serving as a
backup power source, the ES system can also act as flexible load and participate in various services such
as peak shaving, frequency regulation, and reactive power compensation, helping the system achieve
efficient energy utilization.
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Figure 2: Main components of the PEDF park system

« DC Distribution System: The DC distribution system is a key link in energy transmission and distri-
bution within the PEDF park. It can adjust the flow of electrical energy according to the system status
to ensure supply-demand balance. Compared to traditional AC distribution systems, DC distribution
systems have higher transmission efficiency, lower energy loss, and simpler topology. Specifically, the
direct current generated by PV power generation can be directly connected to the DC bus, reducing
unnecessary AC/DC conversion processes and improving energy utilization efficiency.

o Loads: The energy loads of PEDF park includes adjustable flexible loads and nonadjustable nonflexible
loads. Flexible loads typically include temperature controlling loads (e.g., air conditioning, boilers, water
heaters) or charging piles. These flexible loads can dynamically adjust power demand based on energy
supply, improving energy utilization efficiency and enhancing the energy resilience of the park.

o Operating Center: The operating center is not only the monitoring core of the entire park, but also
undertakes key tasks of energy dispatch, system management, and security assurance. Specifically, the
operating center monitors the power generation status of the PV system, the charging and discharging
status of the ES system, and the operation status of the DC distribution system in real time through an
integrated information system. At the same time, it can flexibly arrange energy resources and perform
optimized energy allocation based on the energy needs of various devices in the park. The powerful
data analysis capability of the operating center can deeply explore the energy usage situation in the park,
providing scientific basis for energy management and optimization in the park.

Note that the batteries in electric vehicles (EV) can also serve as distributed ES devices for collaborative
optimization with the PEDF park, playing a role in peak shaving and valley filling [23], smoothing grid
fluctuations [24], and promoting low-carbon operation of the park [25]. In addition, there exists a close and
dynamic interaction between the power grid and the PEDF park [26]. The power grid, as the backbone of
energy transmission and distribution, provides necessary power supplementation and emergency support for
the park. When the PV power generation in the park is insufficient or the ES system cannot meet the demand,
the power grid can quickly respond and deliver electricity to the park to ensure its normal operation. On the
contrary, when there is an excess of PV power generation in the park, the park can also feed back the excess
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electricity to the power grid, promoting the consumption of clean energy and the green transformation of
the power grid.

2.2 Collaborative Interaction in PEDF Park System

The collaborative interaction between the main components of the PEDF system is the key to achieving
efficient energy utilization, flexible dispatch, and optimized management. As illustrated by Fig. 3, the PEDF
system has the following interactive modes simultaneously:

Store surplus energy generation
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— WPess . Energy storage and
Clean power generation | - release
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Figure 3: Collaborative interaction in a PEDF park system, where solid lines contain energy interaction, while dashed
lines only involve information exchange

« Interaction between PV and ES: The ES system is responsible for storing the electricity generated by
PVs and releasing it when neeOded. This complementary relationship ensures a stable supply of system
energy. In addition, due to the influence of weather conditions, the output of PV power generation is
intermittent and fluctuating. The ES system can smooth the output of PV power generation and reduce
the instability of energy supply by dynamically adjusting the charging and discharging status.

« Interaction between PV, ES, and DC distribution: The DC electricity generated by PVs can be directly
transmitted through the DC distribution system, avoiding energy loss during the AC conversion process.
At the same time, the system can intelligently control the charging and discharging of the ES system
based on real-time energy supply and demand to ensure a balanced energy supply.

« Interaction between DC distribution and loads: The DC distribution system provides stable DC power
supply for flexible loads. Due to the high requirements for power quality in flexible loads, the efficient
power supply method of DC distribution systems can meet these demands and ensure the smooth
operation of loads.

« System-level comprehensive interaction: With the assistance of the operation center, the PEDF system
dynamically adjusts and optimizes dispatch based on real-time energy supply and demand, grid status,
and electricity price signals, achieving system-level resource coordination, ensuring stable system
operation, and improving energy utilization efficiency.
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2.3 Advantages of PEDF Park in Energy System

The distinct operating mode and advanced technology system of the PEDF park has the potential to not
only promote the optimization and upgrading of the energy structure, but also improve energy utilization
efficiency. From a technical perspective, the continuous progress and innovation of PV technology, such as
the research and application of efficient PV conversion materials [27,28], lay a solid foundation for the energy
self-sufficiency of the park. At the same time, by adopting advanced BES technology, heat pump storage, and
other methods, the ES system can ensure the continuity and reliability of energy supply in the park [29,30].
Moreover, with the support of vehicle-to-vehicle (V2V) and vehicle-to-grid (V2G) technologies, EV's are no
longer just a means of transportation, but can also serve as distributed ES units that can perform flexible
charging and discharging operations according to the needs of the park and the grid [31,32]. This helps to
improve the flexibility and resilience of the PEDF energy system.

The practice of PEDF park benefits from the guidance of advanced concepts of energy internet and smart
grid [33,34]. These theories emphasize the openness, interactivity, and intelligence of the energy system,
providing a macro perspective and strategic direction for the construction of PEDF parks. In the park, by
building an energy management system based on big data, cloud computing, and the Internet of things
(IoT), comprehensive perception and intelligent dispatch of energy production, transmission, storage, and
consumption can be achieved. This can improve the refinement level of energy management, and provide
scientific basis for energy optimization in the park through data analysis and prediction.

The value of the PEDF park is reflected in its various advantages. Economically, the park can optimize
energy allocation and reduce operating costs by implementing refined energy management strategies.
Specifically, the energy supply and demand within the park can be accurately matched, avoiding unnecessary
energy waste and thereby reducing operating costs. In terms of social benefits, PEDF park conforms to
the low-carbon environmental protection concept and focuses on sustainable development. This operation
model, which mainly relies on renewable energy as the main source of energy supply, can not only reduce
carbon emissions and protect the ecological environment, but also shape the green image of the park.
In addition, from the perspective of technological innovation, PEDF park integrates cutting-edge energy
technologies and efficient management methods. These technologies cover all aspects of energy production,
transmission, storage, and application, and their innovative ideas can help explore new paths for the future
development of the global energy system. Therefore, with its technological advantages and benefits, the PEDF
park is expected to become an important paradigm for future energy systems.

The differences between PEDF systems and common integrated energy or power systems mainly lie in
technology integration, energy efliciency, and environmental protection. The PEDF system achieves deep
integration of four core technologies: PV power generation technology reduces the system’s dependence on
fossil fuels; ES technology ensures the stability and reliability of power supply; DC distribution technology
reduces losses during power transmission and conversion; flexible load control technology enables interact
with the power grid in a friendly manner. This integration can not only improve the energy utilization
efficiency of the system, achieving flexible dispatch and optimized allocation of electricity, but also reduce
energy waste and carbon emissions, which is friendly to the environment. However, general integrated energy
or power systems often lack such deep technological integration, making it difficult to achieve the same
energy utilization efficiency and environmental friendliness.

3 Carbon Emission Monitoring and Evaluation Technologies

Carbon emission monitoring mainly relies on high-precision monitoring devices and professional
monitoring technologies to obtain real-time and continuous carbon emission data. While carbon emission
evaluation mainly relies on quantifying, analyzing, and evaluating the carbon emission of a specific region or
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enterprise based on activity data and emission factors. They are fundamental and crucial in the formulation
of low-carbon operation strategies for PEDF parks. This section focuses on how carbon emission monitoring
and evaluation methods provide data support for regulatory strategies.

3.1 Carbon Emission Monitoring Methods

Currently, carbon emission monitoring technologies mainly include two categories: direct measurement
methods and indirect estimation methods.

As one of the mainstream technologies for carbon emission monitoring, direct measurement method
relies on the use of high-precision and high-sensitivity instruments and devices, such as continuous
emission monitoring systems (CEMS) [35], to directly monitor emission sources like industrial chimneys or
automobile exhaust in real time, ensuring the immediacy and accuracy of data acquisition. CEMS provides
a solid data foundation for carbon emission regulation by analyzing the concentration and flow rate of
CO,, SO,, and other components in the emitted gas, combined with calibration parameters, to calculate
real-time emissions.

For the PEDF park, the direct measurement method is not only used for monitoring traditional emission
sources, but also requires special attention to the cleanliness of PV panels [36], conversion efficiency [37],
and indirect carbon emissions during the charging and discharging process of ES systems (e.g., emissions
during battery manufacturing and maintenance) [38]. By installing high-precision environmental moni-
toring sensors and energy efficiency monitoring systems, dust accumulation on the surface of PV panels,
temperature changes, and ES system charging and discharging efficiency can be monitored in real time,
indirectly estimating the additional carbon emissions caused by efficiency loss.

The indirect estimation method is based on statistics and model prediction. This method constructs
a mathematical model reflecting the relationship between carbon emissions and economic activities by
collecting and analyzing key information including energy consumption data (e.g., the consumption of fossil
fuels like coal, oil, and natural gas), production activity parameters (output and process parameters), and
emission factors (carbon emissions per unit activity level) [39-41].

For PEDF parks, indirect estimation of carbon emissions is usually based on energy consumption and
corresponding energy emission factors. The basic formula can be written as follows [42]:

Cco, = y.m; - EF; Q)
in1

where Cco, is the carbon dioxide emission of the park, m; represents the consumption of the i-th type of
energy (electricity, coal, etc.), EF; represents the emission factor of the i-th energy source (carbon emissions
per unit of energy consumption), and » represents the total number of energy types. In particular, these
emission factors are usually considered unchanged during a short time period and can be obtained from
carbon emission databases [43].

In the PEDF park, in particular, the carbon emissions of PV power generation are theoretically zero
(or extremely low, only considering indirect emissions from manufacturing and maintenance), while the
carbon emissions of ES systems may be reflected in their manufacturing, maintenance, and waste disposal
processes, which need to be estimated through methods like life cycle assessment (LCA) [44,45]. On the one
hand, although PV power generation itself does not generate carbon emissions, its efficiency directly affects
the park’s dependence on fossil fuels, thereby indirectly affecting carbon emissions. By increasing the PV
power generation efficiency, the dependence of the park on the external power grid can be reduced, thereby
reducing carbon emissions [46]. On the other hand, although the charging and discharging efficiency of ES
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systems does not directly affect carbon emissions, it will affect the overall energy efficiency and the flexibility
of energy management in the park [47]. Indirectly, inefficient ES systems may also lead to increased use of
fossil fuels, thereby increasing carbon emissions.

In order to conduct LCA on a PEDF park, it is necessary to extensively collect data on park infrastruc-
ture, such as energy consumption for mining and production of building materials, emissions during park
design and construction, as well as energy efficiency and emission information for PV power generation
systems, ES systems, and distribution systems [48]. At the same time, operation and maintenance data
are equally important, including energy consumption, real-time emission data, resources required for
facility maintenance, and waste generated. In the stage of waste disposal, the retirement methods, energy
consumption, and emission data of buildings, facilities, and equipment are also indispensable [49]. These
data can be obtained through questionnaire surveys, on-site investigations, corporate reports, literature, and
professional databases, and analyzed using LCA software or other professional tools to accurately assess the
carbon footprint and other environmental impacts of the park [50].

3.2 Carbon Emission Evaluation Method

Commonly used carbon emission evaluation methods include LCA and input output analysis (IOA).
In the construction of the carbon emission evaluation model for the PEDF park, targeted adjustments and
optimizations are needed for LCA and IOA.

LCA is a systematic analytical tool that quantifies the environmental footprint of a product or service by
tracking its entire process from cradle to grave, including direct and indirect emissions [51]. The construction
of LCA model involves the steps of data collection, system boundary definition, and impact assessment. It can
provide policy makers with a comprehensive overview of carbon emissions throughout the entire lifecycle
of products or services, supporting low-carbon design and green consumption decisions.

In a PEDF park, the LCA model needs to pay special attention to the environmental impact of key com-
ponents, especially PV panels [52,53] and ES batteries [54,55], throughout their entire lifecycle. This includes
the processes of raw material extraction, production and manufacturing, transportation and installation, use
and maintenance, and disposal. By collecting detailed environmental impact data and constructing a unique
LCA database for the park, it can provide support for evaluating the overall and individual project carbon
emissions of the park. Taking PV panels as an example, their lifecycle carbon emissions Cjc4 can be roughly
expressed as:

Crca = Cmanufacturing + Ctmnsportation + Cinstallation + Coperation + Cdisposal (2)

where Cmanufacturing> Ctransportation’ Cinstallution» Copemtiom Cdisposal are the carbon emission during
the stage of manufacturing, transportation, installation, operation, and disposal respectively. The carbon
emissions for each of these stages need to be calculated based on specific data and emission factors.

In contrast, IOA focuses on analyzing carbon flows and cumulative effects from a macroeconomic
perspective [56]. Fig. 4 shows an example of the input and output of a PEDF park. This helps construct
an input-output relationship matrix, which reflects the use of products from various sectors as production
factors for other sectors This reveals the economic connections and carbon transfer pathways between
sectors, and provides a powerful tool for understanding the relationship between economic structure
and carbon emissions [57]. Through linear algebraic operations, the contribution of different economic
activities to carbon emissions can be calculated, providing a scientific basis for formulating low-carbon
economic policies.
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Figure 4: Input and output of a PEDF park

The application of the IOA model in the PEDF park needs to consider the interaction between the
park and external power grid. We can analyze the carbon flow and cumulative effects in the park’s economic
activities by constructing an extended input-output matrix that includes ES systems, PV generation systems,
and external power grids. Specifical attention should be paid to the impact of the intermittency of PV power
generation and the regulation capability of ES systems on carbon emissions in the park. By simulating carbon
flow paths under different operating scenarios, the potential and challenges of low-carbon operation in the
park can be evaluated [58].

In IOA, the calculation of carbon emissions is usually solved through a system of linear equations.
Assume that there is a simplified input-output table that includes various sectors within the park and their
interactions with the external power grid. The following is a simplified mathematical formula, the core idea of
which is to use the input-output relationship matrix A and carbon emission vector C to solve for the carbon
emission contributions of each sector [59]:

C=E(I-A)'Y (3)

where E is the direct carbon emission coeflicient matrix, I is an identity matrix, and Y is the total output
vector of each sector (or a vector containing other relevant economic indicators). Note that Eq. (3) here is a
highly simplified example. In practical applications, the IOA model might be more complicated, involving
the interaction of multiple sectors, products, and services.

In order to construct an input-output matrix, it is necessary to collect a large number of data on the input
and output of each component in the system. These data may come from various sources, such as corporate
financial statements, industry reports, or government statistical data [53]. After calculating the input-output
matrix A and direct carbon emission coefficient matrix E of the PEDF system, the overall carbon emissions
of the system can be calculated and key emission components can be identified, providing scientific basis for
the formulation of subsequent emission reduction strategies.
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3.3 Guidance on Low-Carbon Operation Based on Emission Monitoring and Evaluation

The monitoring and evaluation results of carbon emissions play a crucial role in the low-carbon
operation of PEDF parks. They provide precise data support and scientific basis for energy management and
emission reduction strategies in the park.

In terms of optimizing economic operation, carbon emission monitoring and evaluation results play
an important role. The park can construct an economic operation optimization model with the objective
function of minimizing the total operating cost, in which the cost of user carbon emissions is an important
component [60-62]. For example, this model can be probably represented as:

m
minZ = ZCiXi +ACC02 (4)
i=1
where Z represents the total operating cost of the park, ¢; represents the unit operation cost of the i-th type
of energy, X; represents the consumption of the i-th type of energy, A is the carbon emission cost coefficient,
and Cco, is the total carbon emissions of the park. By solving this model, the park can obtain the optimal
output scheme of each device and the optimal dispatching strategy of user load, so as to realize the dual
optimization of low-carbon operation and economy.

Carbon emission monitoring data can reveal the contribution of the source and load sides to carbon
emissions, thereby guiding the park to take more scientific and reasonable measures in energy dispatch
and demand response (DR) [63,64]. For example, by adjusting the output of PV power generation and ES
batteries, as well as optimizing user load demand, the park can achieve the minimization of carbon emissions.
The model aims to minimize the overall cost of users as the objective function, where the carbon emission
cost is an important component. By solving this model, the park can guide users to participate in DR so as
to further reduce carbon emissions.

4 Introduction of Bi-Level Optimal Dispatch for Flexible Loads in the PEDF Park

In the comprehensive energy management system of the PEDF park, flexible load, as a crucial flexible
resource, plays an indispensable role in promoting the low-carbon and efficient operation of the park. The
flexible load resources within the park include fast response EV charging stations, ES systems, as well as
relatively slow response adjustable production devices, building lighting, and air conditioning (AC) systems,
all of which demonstrate extremely high regulation potential and flexibility. In order to maximize the
flexibility of utilizing these adjustable load resources, a bi-level optimal dispatch strategy is usually considered
for the PEDF park [65-67].

Fig. 5 shows an example of the theoretical framework of bi-level optimal dispatch strategies for
adjustable load regulation in the PEDF park system. The first-level dispatch is mainly responsible for system
level (or macro level) resource management and load allocation, while the second-level dispatch focuses
on user side or microgrid level (micro level) specific load control and optimization [68,69]. This layered
design helps simplify the dispatch process, improve dispatch efficiency, and enhance system flexibility and
response speed.
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Figure 5: Bi-level optimal dispatch framework for flexible loads in the PEDF park

4.1 First-Level Dispatch: System Level Optimization

The core of the first-level dispatch is the optimal allocation based on PV power generation and load
forecasting technology, as well as ES system status management. In addition, the model may also integrate
short-term and medium-term prediction data of PV power generation, which is obtained by combining
physical models (e.g., solar radiation intensity [70]) with statistical learning algorithms (e.g., time series
regression [71] and random forest [72]). The charging and discharging status information of the ES system
can also be taken into consideration. Its dynamic changes can be described through state space models [73]
or Markov chains [74].

Based on this, the first-level dispatch needs to solve a supply-demand balance problem that includes
multiple time periods. The optimization objectives should at least include the minimization of electricity
costs and carbon emission costs. The cost of electricity consumption depends on the net load of the park
(considering the adjustment amount of flexible load, the charging and discharging power of the ES system, or
the amount of PV power generation curtailment), while the cost of carbon emissions can be calculated based
on the carbon emission monitoring or evaluation model in the previous subsection [14]. In addition, the
constraints of the model need to consider the supply-demand balance of the park system, the charging and
discharging restrictions of the ES system, the adjustment range of flexible loads, the curtailment restrictions
of PV power generation, etc.

4.2 Second-Level Dispatch: User Side or Microgrid Level Optimization

The second-level dispatch serves as a refined regulation link at the user side or microgrid level in the
energy management system of the PEDF park. It receives the macro load allocation plan issued by the
first-level dispatch and combines real-time operating data of each load point (e.g., power consumption,
switch status, and adjustable range) to adopt a more flexible intelligent control strategy [75]. In this case, the
second-level dispatch can quickly respond to load fluctuations or prediction errors, dynamically adjust load
allocation using feedback control mechanisms, and ensure the stability and economy of system operation.
For example, when it is predicted that PV power generation will exceed demand, the second-level dispatch
can prioritize increasing the consumption of flexible loads or activating the charging mode of ES systems to
maximize the utilization of RE [76].
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In the process of formulating load regulation strategies, the optimization approach of “peak shaving and
valley filling” is usually considered [77]. The core of this strategy is to adjust users’ electricity consumption
behavior, transfer the load from peak hours to off peak hours, optimize load distribution, reduce the peak
valley difference, and reduce dependence on traditional fossil fuels [78]. In the specific implementation
process, a series of personalized load adjustment plans can be developed based on users’ electricity habits and
the energy policies of the park, such as setting the temperature range of the intelligent temperature control
system [79] and adjusting the charging time of EV's [80]. These measures can not only ensure the electricity
demand of users, but also improve energy utilization efficiency and user satisfaction.

4.3 Implementation Steps of the Bi-Level Dispatch

The implementation process of the bi-level dispatch strategy for adjustable load could include the
following steps [69,81]:

(I) PV forecasting, load forecasting, and ES optimization: Based on historical data and forecasting models,
formulate PV forecasting, load forecasting, and ES system optimization model and solve the optimal
dispatch strategy.

(2)  First-level dispatch: Based on the forecasting results and the status of the ES system, develop a load
allocation plan and distribute it to each user or microgrid.

(3)  Second-level dispatch: Each user or microgrid controls and optimizes specific loads based on the load
allocation plan issued by the first-level dispatch, combined with the actual operating conditions and
adjustable potential of their respective loads.

(4) Real-time monitoring and dynamic adjustment: Monitor the operating status of the load in real time,
and dynamically adjust based on real-time data to ensure the accuracy and efficiency of load control.

In order to improve the performance of the two-level dispatch strategy for flexible loads, the algorithm
can be optimized through parameter adjustment. By finely adjusting the key parameters in the algorithm,
the effectiveness of the dispatch strategy can be further optimized. For example, in a load allocation plan, the
weight or priority of load allocation can be adjusted based on the characteristics and demands of different
loads [82,83].

Existing works have proposed numerous bi-level dispatch methods for flexible loads. According to
different regulatory measures and mechanisms, these dispatch methods can be roughly divided into four
categories: price-based guidance, DR incentive, source-load collaboration, and integrated energy system
(IES) optimization. Table | provide a comparison between these methods, where their advantages and
disadvantages are also described.

Table 1: Comparison of existing bi-level optimal dispatch methods for flexible loads

Method explanation Ref. Advantage Disadvantage
Price-based guidance [23,32,65,66,68,77] Directly reflect the The transmission of price
Guide the response of flexible loads supply-demand relationship signals may have a lag,
through price signals, e.g., in the electricity market. Easy  leading to response delay. For
time-of-use electricity prices or to implement and regulate. price insensitive users, it may
real-time electricity prices. be difficult to guide them to
adjust their consumption
behavior.

(Continued)
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Table 1 (continued)

Method explanation

Ref.

Advantage

Disadvantage

DR incentive
Design incentive mechanisms to
guide users to adjust their
consumption behavior based on price
signals or reward and penalty rules.

Source-load collaboration
Use flexible loads as dispatchable
resources and collaborate with power
sources for optimization, which pays
attention to the power balance,
voltage stability, or frequency control
of the system.

IES optimization
Consider the complementarity and
synergy among various forms of
energy, as well as the role of flexible
loads in them.

[14,82,83]

[75,81]

(67,69,76]

Can tailor personalized plans
to different user groups,
improving user engagement
and satisfaction.

Can fully utilize the
complementarity between RE
and flexible loads, promoting

the consumption and
utilization of RE.

Can more comprehensively
optimize the energy efficiency
and economy of the system.

The design and
implementation of incentive
mechanisms may be rather
complicated, requiring high
management costs and
technical support.

The optimization strategy
may have differences and
complexities in different time
scales and scenarios.

May be influenced and
constrained by various
factors, e.g., policy
environment or technological
maturity.

4.4 Typical Evaluation Indicators for Bi-Level Dispatch

In the PEDF park system, the bi-level dispatch of flexible loads is a key strategy to achieve efficient

energy utilization, ensure stable system operation, and promote low-carbon development. To evaluate the
implementation effectiveness of this strategy, a series of scientific and comprehensive evaluation indicators
need to be adopted. We will provide a detailed introduction to the commonly used evaluation indicators for
the bi-level dispatch of flexible loads in the PEDF park system.

4.4.1 Energy Efficiency

Energy efficiency is an important indicator for measuring the energy utilization efficiency of the PEDF
park system. It is defined as the ratio of the useful energy output by the system to the total energy input by
the system [84]:

Rgg = 5)
where Rgp is the energy efficiency ratio, E;,, is represents the total energy input to the system (including
renewable energy generation, energy storage and discharge, etc.), and E,,; indicates the useful energy output
by the system (i.e., the energy that can be utilized by load devices).

In the bi-level dispatch of flexible loads, by reasonably arranging the switching time and power allocation
of loads, renewable energy can be maximally utilized for power generation and energy waste can be reduced.
The improvement of energy efficiency is therefore one of the key indicators to measure the effectiveness
of dispatch strategies. Generally, the higher the energy efficiency ratio, the higher the energy utilization
efficiency of the system and the smaller the impact on the environment.
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4.4.2 Penetration Rate of Renewable Energy

The penetration rate of RE refers to the proportion of RE generation in the total power generation in
the PEDF park system, calculated by [85]:

R Ere 100% (6)
REP = - X 0

Ere + Eother
where Rggp is the RE penetration rate, E,, is the amount of RE generation, and E,;,., is the power generation
of other possible energy generation (such as fossil fuels).

This indicator reflects the degree of dependence of the system on RE in its energy structure. Therefore,
the increase in the penetration rate of RE is an important indicator for measuring the effectiveness of the
system in energy transition and low-carbon development. A higher RE penetration rate means a reduction
in the system’s dependence on fossil fuels, which helps to reduce carbon emissions and achieve sustainable
development. In the bi-level dispatch of flexible load, by accurately predicting the power generation and load
demand of RE, the charging and discharging strategies of the ES system can be optimized to ensure the full
utilization of RE generation.

4.4.3 System Reliability

System reliability is an important indicator for measuring the stable operation and ability to respond to
unexpected situations of PEDF park systems. In the bi-level dispatch of flexible loads, system reliability can
be evaluated through multiple dimensions, including the stability of load supply, and the fluctuation rates of
voltage and frequency.

The stability of load supply can be measured by the load satisfaction rate [86], which is the ratio of the
actual load supplied by the system to the energy demand of load:

L,
Ris = —" +100% (7)
demand

where Ry s is the load satisfaction rate, L,,,; is the actual load supplied, and L ;.44 is the estimated energy
demand of load.

The fluctuation rate of grid voltage and frequency can be evaluated as follows [87]:

Ny Ui_Ure 2
5U=2(—f) )

i=1 Uref
Ny - 2
o2 () ©

where §y and § are the fluctuation rates of voltage and frequency, Ny and N are the numbers of sample
points of voltage and frequency, U; and f; are the voltage and frequency of the i-th sample point, and U, ¢
and f,.r are the reference values of voltage and frequency.

By optimizing dispatch strategies, the PEDF system can ensure stable operation during peak load
periods and fluctuations in RE generation, thereby improving power supply quality and reliability. Focusing
on improving system reliability can help reduce energy losses and enhance user satisfaction and trust.
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4.4.4 Levelized Cost of Electricity

Levelized cost of electricity (LCOE) is an important indicator for measuring the economic efficiency of
PEDF park systems. It represents the average cost per kilowatt hour of electricity produced by the system
throughout its entire lifecycle. The calculation can be written as [88-90]:

C
tT_1 (1 N rt)t—l + Cinz’t - Sresale
LCOE = (10)
T E;
1+ )t

where T is the system lifespan (usually measured in years), C; is the operation and maintenance cost in the
t-th year, r is a fixed discount rate, C;,;; is the initial investment cost, S, is the possible residual value at
the end of the lifespan, and E; is the amount of electricity generated by the system in the ¢-th year.

A lower LCOE means that the system is more competitive in terms of economic benefits, which helps
attract more investment and promote the widespread application of the PEDF technology. In the bi-level
dispatch of flexible loads, optimizing load allocation, ES charging and discharging strategies, and utilizing
RE generation can reduce the operating costs and energy waste of the system, thereby reducing LCOE.

5 Innovation of Low-Carbon Operation Strategies Brought by Advance Technologies

To improve the intelligence level, enhance the ability to cope with uncertainties, and promote the
efficient utilization of energy, a series of new technologies can be introduced and applied. This section will
analyze the innovation and opportunities brought by the application of these technologies to the low-carbon
operation of PEDF parks.

5.1 Advanced Technologies of Sensors, Communication, and Internet of Things

In the low-carbon operation of the PEDF park system, advanced sensors and communication tech-
nology constitute an indispensable key infrastructure. The introduction of these technologies will greatly
improve the intelligence and refinement level of the energy management system in the park.

High-precision and low-power sensors has been widely used in real-time monitoring of PV panels [91],
ES batteries [92], distribution systems [93], and flexible loads [94]. These sensors adopt advanced sensing
principles and signal processing technologies. They can collect real-time and accurate operational status data
of the system, including but not limited to sunlight intensity, temperature, voltage, current, power factor, etc.
Taking PV panels as an example, high-precision sensors can monitor the surface light intensity and tem-
perature distribution in real time, thereby accurately calculating the power generation efficiency and output
power of the PV panels [91]. Similarly, sensors on ES batteries can monitor voltage, current, temperature, and
remaining capacity, providing scientific basis for battery charging and discharging strategies [92]. The sensors
on the DC distribution system and flexible loads are responsible for monitoring the voltage stability and
current fluctuations of the distribution network, and power demand of loads, ensuring the stable operation
of the system and efficient utilization of energy [93,94].

On the basis of data collection, high-speed and low latency communication networks ensure real-
time transmission and processing of data. These communication networks adopt advanced communication
protocols and transmission technologies, such as low-power wide area network communication technologies
(e.g., Zigbee [95], LoRa [96], and NB-IoT [97]), as well as high-speed communication technologies (e.g.,
5G [98] and optical fiber [99]), which can achieve seamless connection and efficient data transmission
between sensors and central control units. Through these communication networks, the data collected by
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sensors can be transmitted in real-time to the operating center for processing and analysis, providing strong
support for the timely execution and feedback of control strategies. At the same time, these communication
networks can also support remote access and sharing of data, enabling the energy management system of
the park to exchange data with other systems, further enhancing the interconnectivity of the system.

The Internet of things (IoT) technology can build a massive data network by connecting various
devices, sensors, and controllers within the park, providing real-time and accurate data support for energy
management in the park [100]. Based on the massive data collected through IoT technology, the PEDF
system can maximize its energy utilization. IoT technology can further facilitate real-time data processing
and analysis through the combination of edge computing and cloud computing. Edge computing reduces
data transmission delay and bandwidth occupation by preliminarily processing and filtering data on the
device side or in the local network [101]; Cloud computing is responsible for the storage, analysis, and
optimization of global data, providing powerful computing capabilities for intelligent decision-making in the
system [102]. This combination of edge computing and cloud computing can not only improve the response
speed and energy efficiency of the system, but also provide a more intelligent and refined solution for the
energy management of the park.

5.2 Artificial Intelligence and Machine Learning

Artificial intelligence (AI) and machine learning (ML) technologies, as outstanding representatives of
modern information technology, can bring revolutionary changes to energy management in PEDF parks.

In the PEDF park, Al technology can capture and analyze the data of the complicated system dynamics
in real time through deep learning algorithms. In more detail, AI algorithms can predict energy supply and
demand trends through comprehensive analysis of these data, providing scientific basis for the formulation
of regulatory strategies. For example, using deep learning models such as long short-term memory (LSTM)
network [103] or convolutional neural network (CNN) [104], AI can predict the PV power generation and
load demand in the future for a period of time, so as to adjust the charging and discharging strategy of ES
batteries in advance to ensure the stability and efficiency of energy supply.

At the same time, ML algorithms also play a crucial role in the low-carbon operation of PEDF park
systems. ML algorithms can mine the operating rules of systems from historical data, continuously optimize
control models, and achieve more flexible and accurate control. This data-driven optimization method can
not only improve energy efficiency, but also significantly reduce operation and maintenance costs [105].
Specifically, ML algorithms can model and train historical data through clustering analysis, regression
analysis, or classification prediction, in order to obtain the optimal operating strategy of the system under
different conditions [106-108]. Through continuous learning and optimization, AI and ML algorithms can
gradually adapt to changes and uncertainties in the system, achieving more accurate and efficient energy
management, which not only enhances energy utilization efficiency and reduces operation and maintenance
costs, but also provides strong guarantees for the sustainable development of the park.

5.3 Blockchain

Blockchain technology, with its unique features of decentralization, transparency, security, and
immutability [109], is gradually demonstrating its enormous potential for energy management and trading in
PEDF parks. The introduction of this technology not only provides a more efficient, secure, and transparent
platform for energy trading in the park, but also provides strong technical support for the implementation
and supervision of low-carbon operation strategies [110].
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First of all, blockchain technology can build a distributed and highly trusted energy trading platform
for energy producers, consumers, and operators within the PEDF park. This platform is based on the
decentralized nature of blockchain, realizing peer-to-peer trading and settlement of energy, avoiding
the centralized bottleneck and information asymmetry problems in traditional energy trading [111]. On
the blockchain, every energy transaction is recorded as an immutable block, ensuring transparency and
traceability of the transaction. Meanwhile, through the application of encryption algorithms and consensus
mechanisms, blockchain technology also ensures the security of transaction data, preventing data leakage
and tampering [112].

The application of blockchain technology can also play a profound role in low-carbon operation
regulation. Through blockchain technology, energy data within the park can be accurately and completely
recorded, verified, and traced. Specifically, each piece of operational data can be uploaded in real-time
to the blockchain, forming a complete energy data chain [113]. These data not only provide scientific
basis for the formulation of low-carbon operation and regulation strategies, but also provide strong data
support for the efficient utilization of energy and low-carbon transformation. Meanwhile, the immutability
of blockchain technology ensures the authenticity and reliability of these data [114], which can provide a
more accurate and comprehensive information foundation for energy management in the park.

In addition, blockchain technology also supports smart contracts that can further promote the
automation and compliance of energy transactions [115]. Smart contract is an automated contract based on
blockchain technology, whose terms and logic are written in code form and embedded on the blockchain.
When specific conditions are met, smart contracts will automatically execute without human interven-
tion [116]. In the energy trading of the PEDF Park, smart contracts can set transaction price, transaction
quantity, and transaction time, and automatically monitor the performance of both parties in the transaction.
Once the transaction is completed, the smart contract will automatically settle and make payments, greatly
improving the efficiency and compliance of the transaction. Meanwhile, the application of smart contracts
can also reduce transaction costs and risks, providing a more convenient and secure solution for energy
trading in the park [117].

6 Challenges and Future Prospects

Current research on PEDF park systems is facing multiple challenges in terms of low-carbon operation.
This section will delve into the causes of these challenges and their impact on system development. At
the same time, this section will also explore how to address these challenges and look forward to future
research directions and priorities, in order to promote the greater role of the PEDF park system in
low-carbon development.

6.1 Current Research Challenges

In the exploration low-carbon operation strategies for PEDF park systems, related research has
encountered a series of complicated and multidimensional challenges.

The integration and compatibility of PEDF technology is the primary challenge [22]. The effective
integration of PV, ES, DC distribution, and flexible energy utilization technologies is the key to achieving
efficient system operation [118]. However, there is a lack of unified technical standards and interface
specifications, which makes compatibility between different components a major challenge. In addition, the
integration of large-scale distributed RE poses a severe challenge to the stability of the power system [119].
How to effectively cope with the intermittency and uncertainty of RE while ensuring the stable operation of
the system is a technical challenge. This requires researchers to not only explore more advanced regulation
strategies, but also make breakthroughs in improving the performance of key components such as PV panels,
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ES devices, and flexible control devices, which directly affect the overall performance of the PEDF park
system [120].

Note that the main objective of implementing the PEDF park system is to achieve low-carbon operation.
The balance between environmental protection and energy utilization optimization requires researchers
not only to have a deep understanding of the mechanisms of energy supply and demand, but also to be
able to develop regulation algorithms that can adapt to complex and changing energy environments [121].
Faced with multiple challenges such as the occurrence of supply-demand contradictions [122], peak-valley
contradictions [123], or volatility contradictions [124], how to design regulatory strategies that ensure system
stability and achieve low-carbon goals will become a difficult research topic.

At the economic level, the construction and operation costs of the PEDF park system can be relatively
high, including device procurement, installation and commissioning, operation and maintenance expenses.
In order to reduce these costs and enhance the economic feasibility of the system, it is necessary to
improve the overall economic benefits of the system through technological innovation and cost control
strategies [125]. At the same time, it is necessary to explore more reasonable green finance credit models to
support the construction and operation of PEDF parks. However, the current green finance credit market
is not yet perfect, with problems such as difficult and expensive financing [126]. This requires researchers
not only to address technological challenges, but also to pay attention to changes in the economy, market,
and policies.

6.2 Future Research Directions

In response to the above challenges, this paper will then conduct a prospective analysis of future research
directions and priorities.

First of all, the deep integration of intelligence and automation technologies is the key to promoting
the low-carbon operation of the PEDF park system. Future research will focus more on deeply integrating
these advanced technologies into the core processes of system prediction, dispatch, and control, aiming to
achieve efficient energy utilization and carbon emissions reduction. For example, by using deep learning
algorithms to make more accurate predictions of energy generation and consumption [127], combined with
IoT technology to achieve seamless connections and efficient collaboration between devices [128], it can
enhance the intelligence level and response speed of the system. Meanwhile, to address the challenges of
technology compatibility, future research will explore unified standards and interfaces to ensure smooth
integration between different components. In response to the instability of RE, intelligent adaptive control
strategies will be explored to enhance system resilience.

The construction of energy Internet will become another important direction of future research. With
the combination of power network, information network, transportation network, and so on, energy Internet
is gradually becoming a bridge connecting various energy facilities and users [129]. Future research will be
committed to building a more complete energy Internet system to promote the deep integration and efficient
interaction between the PEDF park system and the regional energy market. This includes optimizing the
information flow and energy flow in the energy Internet [130], improving the overall synergy and flexibility
of the system [33], and exploring how to use the energy Internet platform to carry out innovative power
trading and ancillary services [131,132]. At the same time, future study will also focus on how to promote the
cooperation between market mechanism and policy improvement for future PEDF park systems.

The research and development of new ES technologies and RE technologies are also full of potential.
With the advancement of technology and the continuous reduction of costs, new ES technologies, such as
flow batteries [133] and solid-state batteries [134], may gradually replace traditional ES methods, providing
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more reliable and efficient RE solutions for PEDF parks. Meanwhile, the innovation of RE technologies will
also provide more high-quality energy supply for the system, further reducing carbon emissions. To address
economic challenges, future research will closely monitor the latest developments in these technologies and
explore how to better apply them to the PEDF park system to achieve more low-carbon and efficient energy
utilization [135]. The breakthrough in this field will inject new vitality into the development of PEDF park
systems, promoting its continuous progress towards an economical, efficient, and sustainable direction.

7 Conclusion

Based on the scenario of the PEDF park system, this paper first analyzes the methods of carbon emission
monitoring and evaluation, as well as the two-level optimization dispatch strategy for flexible loads, then
explores the technological innovation opportunities for the low-carbon operation of the park, and finally
summarizes the challenges and future research directions faced by related research. This paper aims to
summarize existing research results, explore future research directions, and provide theoretical support and
practical guidance for the low-carbon development of PEDF parks.

After investigating on related works of low-carbon operation in PEDF parks, we extract several innova-
tive insights and suggestions for the development of this field. First, for the low-carbon operation of PEDF
park, we advocate deeper excavation of the “source-network-load-storage” collaboration mechanism. Unlike
the approaches of isolating the performance of each component in some existing papers, we recommend a
global perspective to achieve smooth and efficient integration between key components. Second, in carbon
emission monitoring and assessment, we emphasize the construction of a comprehensive monitoring system
that covers the entire lifecycle. Methods such as LCA or IOA are recommended to examine the carbon
footprint of PEDF parks from a broader perspective. Last, different from traditional dispatch that primarily
pursues economic benefits, the dispatch of PEDF systems focuses more on ensuring load demand while
maximizing the utilization of RE through refined management.

PEDF Park, with its advantages of high efficiency, low cost, and flexibility, helps optimize the energy
structure and promote low-carbon development, and has enormous potential for application. In the future,
the integration of technological progress and intelligence will drive innovation in PEDF and provide support
for building an efficient energy system.
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Nomenclature
AC Air Conditioning
Al Artificial Intelligence

BES Battery Energy Storage
CEMS  Continuous Emission Monitoring System
CNN Convolutional Neural Network

DC Direct Current

DR Demand Response

ES Energy Storage

EV Electric Vehicle

GA Genetic Algorithm

IES Integrated Energy System
I0A Input Output Analysis
IoT Internet of Things

LCA Life Cycle Assessment

LCOE  Levelized Cost Of Electricity

LSTM  Long Short-Term Memory

ML Machine Learning

MOEA/D Multi-Objective Evolutionary Algorithm/Decomposition
MPPT  Maximum Power Point Tracking

NN Neural Network

NSGA-II Non-Dominated Sorting Genetic Algorithm II

PEDF  Photovoltaic, Energy storage, Direct current, and Flexible load

PSO Particle Swarm Optimization
PV Photovoltaic

PV-ES  Photovoltaic and Energy Storage
RE Renewable Energy

RF Random Forest

RL Reinforcement Learning

SVM Support Vector Machine
SVR Support Vector Regression
V2G Vehicle-to-Grid

v2v Vehicle-to-Vehicle
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