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Technical Report ITU FGMV-09 

Power metaverse: Use cases relevant to grid side and user side 

Summary 

This Technical Report provides steps for the realization and use cases of power metaverse applied in 

the power system from the perspectives of the user and the grid. Each use case describes the 

application scenario, the assumptions and the service scenario. 
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Technical Report ITU FGMV-09 

Power metaverse: Use cases relevant to grid side and user side 

1. Scope 

This Technical Report provides steps for realization and use cases of power metaverse. The scope of 

the document is: 

- Steps for realization of power metaverse. 

- User-side cases of power metaverse to balance the supply and demand of the grid by promoting the 

participation of adjustable and controllable resources on the user side. 

- Grid-side cases of power metaverse to enhance the automation and intelligence of core businesses in 

the distribution network. 

2. References 

None. 

3. Definitions 

3.1. Terms defined elsewhere 

3.1.1. Digital twin [b-ITU-T Y.4600]: A digital representation of an object of interest. 

3.1.2. Internet of Things [b-ITU-T Y.4000]: A global infrastructure for the information society, 

enabling advanced services by interconnecting (physical and virtual) things based on existing 

and evolving interoperable information and communication technologies. 

3.1.3. Sensor [b-ITU-T Y.4105]: An electronic device that senses a physical condition or chemical 

compound and delivers an electronic signal proportional to the observed characteristic. 

3.1.4. Artificial intelligence (AI) [b-ITU-T M.3080]: Computerized system that uses cognition to 

understand information and solve problems.  

3.2. Terms defined in this Technical Report 

None. 

4. Abbreviations and acronyms 

This Technical Report uses the following abbreviations and acronyms: 

AI  Artificial Intelligence 

AR  Augmented Reality 

CCHP  Combined Cooling Heating and Power 

CHP  Combined Heat and Power 

DE  Digital Entity 

DGA  Dissolved Gas Analysis 

DNN  Deep Neural Networks 

DT  Digital Twin 

EV  Electric Vehicle 
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GAN  Generative Adversarial Network 

ICT  Information and Communications Technology 

ID  Identifier 

IoT  Internet of Things 

LSTM  Long Short-Term Memory 

MR  Mixed Reality  

PCA  Principal Component Analysis 

PE  Physical Entity 

PM  Power metaverse 

RCNN Regional Convolutional Neural Network 

RMT Random Matrix Theory 

UEIoT  Ubiquitous Electric Internet of Things 

V2G  Vehicle-to-grid 

VE  Virtual Entity 

VR  Virtual Reality 

WCAG Web Content Accessibility Guidelines 

YOLO  You Only Look Once 

5. Conventions 

None. 

6. Background 

With the rapid development of the Internet of Things (IoT), big data, artificial intelligence (AI), and 

other modern ICT, the construction and operation cost of infrastructure for data collection, transmission, 

storage, and application is decreasing rapidly. It is feasible to use metaverse to facilitate digital 

transformation of power industry. The Power metaverse (PM), which is a specific representation of 

metaverse in power industry, has been employed in various core power grid businesses, such as 

operation planning, equipment maintenance and personnel training. It is capable of establishing digital 

models dual-driven by mechanism and knowledge to make an in-depth and fine-grained analysis of 

behaviour and states of physical entities (PEs) in the context of various time and/or space scales, so as 

to facilitate real-time simulation and deduction for the power system. 

In power industry, digital twin (DT) is employed to construct a 1-to-1 mapping from physical world to 

virtual space, which objectively reflects operation status of equipment, systems or any combination of 

relevant objects. Power metaverse is a higher-order form of digital twin (DT) in power industry. It can 

be employed to establish a 1-to-N mapping considering time factor to predict and deduce status of 

objects based on artificial intelligence. The major difference between them can be described as follows: 

given any PE, DT creates a corresponding Virtual Entity (VE) to simulate the PE, where a 1-to-1 

mapping is established to reproduce behaviour and states of PE in DT space. More specifically, it can 

not only perform simulations for monitoring but can also conduct deductions for prediction; and each 

prediction result is the end of a possible evolutionary path. 

7. Steps for Realization and Use Cases of Power metaverse 

7.1. Steps for Realization of Power metaverse 
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The steps of realization of PM consists mainly of four steps: DT modeling construction, batch 

generation of multiscenario samples, intelligent decision-making, and closed-loop feedback, 

respectively. Each step is described below in detail. 

(1)  DT modeling construction: Employ a unified DT modeling function to create VEs for PEs, 

where a VE is an abstract model that realistically represents the main features of the corresponding PE 

as listed below. 

a) Typicality: A VE can reflect basic characteristics of the corresponding PE, including 

attributes and functions. 

b) Generality: A VE can simulate the corresponding PE in the context of various time and 

space scales. 

c) Nesting: VEs can be organized as a whole to simulate a more complicated PE. 

d) Interactivity: VEs can reproduce the interaction between the corresponding PEs. 

e) Synchronicity: A VE can simulate the variation of states and behaviours of the 

corresponding PE in real time. 

f) Predictability: A VE can deduce variation of statuses and behaviours of the corresponding 

PE. 

g) Autonomy: A VE can perform decision-making proactively to support the deduction. 

h) Self-optimization: A VE can improve intelligent decision-making based on historical 

experience. 

(2) Batch generation of Multiscenario samples: Once a VE is constructed, additional methods 

are taken to simulate and deduce dynamic processes of corresponding PE in various time scales, 

hierarchical levels, and evolutionary paths. The crucial point here is to generate data in batches for all 

possible scenarios, in order to provide adequate samples for decision-making when considering a large 

number of factors relevant to internal status and external environment. 

(3) Intelligent decision-making: Decision-making in digital world is typically a high-

dimensional problem, which cannot be solved by simplified mechanism modelling. Given the massive 

data samples generated in the previous step, it is feasible to output decision-making strategies using 

RMT and AI technologies. Besides, during the training process, human intervention is also essential to 

introduce domain knowledge and cognitive experience, in order to promote continuous iteration of 

decision-making strategies. 

(4) Closed-loop feedback: The outputs of decision-making strategies are translated into 

instructions that can be executed in the physical world. During the execution of instructions, the 

variation occurring in the physical world is captured by sensors and delivered to the digital world for 

updating digital models, data samples, and decision-making strategies, leading to a continuously 

repeated closed-loop process. 
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Figure 1 – Steps for Realization of PM 

 

Figure 1 shows the steps for realization of PM. In what follows, several use cases are given to facilitate 

a better understanding of PM application in the power system from the user’s and grid’s perspective. 

All these use cases are technically based on the steps for realization. In each use case, an elaborate 

demonstration of the application scenario is given at the very beginning, followed by the description, 

assumptions, service scenario, high-level service requirements. 

7.2. Air Conditioning 

Air conditioning load is a highly promising demand-side resource. Since air conditioning hours are 

flexible, it is feasible for energy manager of shopping mall to adjust the power of air conditioning load. 

Rational air conditioning usage can relieve the pressure on the power supply during peak load periods 

and achieve the effect of peak-shaving and valley-filling. At the same time, compared to constructing 

new power plants, using temperature-controlled loads as auxiliary services has a lower investment cost 

and fewer carbon emissions thus bringing significant economic and social benefits [b-Jiang]. Based on 

PM technology, building energy managers can deeply participate in the grid load regulation. They can 

decide the adjustable air-conditioning power according to the indoor temperature demand of customers. 

Then the adjustable power is uploaded to the metaverse platform, and the air conditioning scheduling 

strategy can be optimized to maximize participation in peak load response without affecting or slightly 

affecting user comfort. 

7.2.1. Description 

This use case describes the scenario where PM technology is used to achieve load smoothing by 

adjusting the air conditioning operation of the mall without affecting or slightly affecting customer 

comfort. The procedures in this use case scenario are as follows: 

1) DT modeling construction: Map the mall’s operating environment and air conditioning operation 

parameters from the physical world to the virtual space to establish the corresponding DT. 
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 Inputs: Weather conditions, customer flow, and comfort requirements 

 Controlled variables: Air conditioning load 

 Outputs: Room temperature and customer satisfaction 

2) Batch generation of multiscenario samples: The input-controlled-output sample sets can be 

generated in a batch manner, thereby providing rich data resources for subsequent decision-

making. For instance, use the DT world to simulate various customer flow and indoor temperature 

sample sets. Then, upload the datasets to the energy department of the shopping mall, where the 

manager will collect customer demand for indoor temperature and report the adjustable air-

conditioning power to the twin space, which in turn facilitates the batch simulation of various air-

conditioning output strategies in PM space. Finally, its impact on two key aspects is respectively 

assessed by the shopping mall energy manager and grid dispatch operator: the mall’s output status 

and peak-shaving and valley-filling effects on the power grid [b-Yaoyao]. As a result, it provides 

considerable support for generating intelligent dispatching strategies.  

Strategy 1: Use load shifting to participate in peak load response. The energy department of 

malls can use PM technology to connect with energy suppliers and storage facilities to participate 

in energy market transactions. In the DT world, the output curves of the air conditioning peak load 

are generated in bulk. During low grid load periods, the manager can choose to purchase a large 

amount of cheap electricity to reduce the mall's temperature. During high grid load periods, the air 

conditioning power can be reduced according to the adjustable air-conditioning power reported by 

the shopping mall energy manager, to relieve the pressure on the power supply, achieving the 

effect of peak-shaving and valley filling. 

Strategy 2: Use load reduction to participate in peak regulation response. In the DT space, 

the air conditioning operates at a constant temperature, while different operating temperatures can 

be simulated. So, the energy department manager can explore how to simultaneously meet 

customer comfort requirements and maximize peak load response effects, achieving optimal air 

conditioning operation states. 

3) Intelligent decision-making: In the PM, intelligent scheduling and optimization algorithms can 

determine the best scheduling strategy by integrating and analysing feedback from management 

personnel and batch-generated sample data [b-He]. The algorithms take into account factors such 

as the comfort demand, energy consumption targets, and power costs of the mall to achieve the 

peak-shaving and valley-filling effect. In a DT space, it is possible to combine historical data of 

other environmental parameters and electricity consumption data for prediction. Based on these 

predictions, the air conditioning scheduling strategy can be optimized to maximize participation 

in peak load response [b-Chen]. Once the optimized strategy is uploaded to the dispatch centre, 

the grid dispatch operator can combine expert experience to manually intervene in the given air 

conditioning operating strategy. Then, the final operating strategy is passed on to the shopping 

mall energy managers for implement. 

4) Closed-loop feedback: The building energy managers receive instructions from the dispatch 

centre to adjust the air-conditioning load operation status of the shopping mall based on intelligent 

decision-making results. The adjusted air-conditioning load status, indoor temperature, and other 

parameters of the shopping mall will again be transmitted to the building energy managers in real-

time, forming a closed-loop feedback for initiating a new round of analysis. 
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Figure 2 – Control of air conditioning in the PM space 

Various flexible resources are often overlooked and difficult to collaborate with at the cognitive and 

perceptual levels. However, with PM technology, the great potential of air conditioning participation 

in load response can be exploited fully. Through simulation and scenario projections, intelligent 

analysis, and collaborative scheduling, PM can significantly improve the energy efficiency and 

effectiveness of peak-shaving and valley-filling. Simultaneously, the energy department of the mall 

can adjust the operation mode and air conditioning parameters in the DT space dynamically by 

considering factors such as temperature, customer flow and grid load demand. This enables more 

scientific automatic control of air conditioning and reduces operation costs. 

This case highlights the benefits of using PM technology for automatic air conditioning control in a 

mall setting. The benefits of such automation can be applied to various building types, including 

residential buildings, commercial offices, schools and hotels. Furthermore, this use case has potential 

applications for other fields, where load demand and energy efficiency are critical. For example, in 

storage areas such as food and pharmaceuticals the adjustable refrigeration equipment power can be 

assessed by the energy manager and uploaded to the PM platform. Then, the operating strategies can 

be optimized in the PM according to the load demand of the power system. Another example can be 

greenhouse plant cultivation, which often requires specific humidity and temperature levels for optimal 

growth. With PM technology, the greenhouse's heating, ventilation, and lighting systems can be 

adjusted to smooth out loads and reduce energy consumption. 

In the future, there will be greater recognition of the significant potential of temperature-controlled 

loads as demand-side resources. With the continuous development of PM technology, devices such as 

air conditioning will become more sophisticated, enabling more precise and intelligent automatic 

control. 

7.2.2. Assumptions 

The assumptions related to this use case include the following; 

– It is assumed that different sensor devices for monitoring indoor temperature, humidity, customer 

flow and other information should be suitably deployed in accordance with the geographical 

distribution features of malls.  

– It is assumed that the multivariate heterogeneous data collected and stored are pre-processed and 

integrated into digital world.  
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– It is assumed that within the metaverse, a virtual energy market can be established where energy 

suppliers and consumers can trade and exchange energy credits. 

– It is assumed that PM can simulate and test different energy management strategies for air 

conditioning systems without impacting the physical environment. 

– It is assumed that user interaction is established matching diverse user profiles, securing 

communication with all users regardless of their language, age or disability. 

7.2.3. Service Scenario 

Energy manager of shopping mall aims to maximize the participation of air conditioning in the 

activities of peak shaving of power supply and demand, without making any negative impact on 

customer comfort. For the purpose, power metaverse is applied to generate optimization strategy that 

facilitate the control of air conditioning operation in the shopping mall. 

 

Figure 3 – Service dataflow for the control of air conditioning 

1. Customers deliver feedback on temperature comfort to energy manager of shopping mall via 

mobile clients. 

2. Energy managers collects data about mall traffic and customer comfort, and forward the 

information to metaverse platform. 

3. Metaverse platform determines optimization strategy of power supply and demand [b-ITU-T 

L.1240], it delivers the optimization strategy to power dispatch center. 

4. Power dispatch center adjusts the optimization strategy according to expert knowledge and 

experience, and delivers the adjusted optimization strategy to energy manager. 

5. Energy manager controls the power consumption behavior of air-conditioning based on the 

adjusted optimization strategy and waits for the update of customer feedback. 

7.3. Electric Vehicles 

As the level of electrification in transportation continues to increase, electric vehicles (EVs) are actively 

promoted as flexible resources. Through PM technology, EV owners may engage fully in virtual power 

dispatch to balance power demand. 
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7.3.1. Description 

This use case describes where peak shaving and valley filling are achieved through flexible charging 

and discharging strategies for EVs on the PM platform. The procedures in this use case scenario are as 

follows: 

1) DT modeling construction: Map the parameters related to EVs and charging piles from the 

physical world to the virtual space to establish the corresponding DT. 

 Inputs: The user's stopping time, remaining car battery power, charging needs, and the 

degree of willingness to participate 

 Controlled variables: Charging and discharging power for EVs 

 Outputs: EV battery charge status, user travel satisfaction, and cost satisfaction [b-

Chengshan] 

2) Batch generation of multiscenario samples: Samples consisting of inputs, controlled variables 

and outputs are constructed in batches to cover all the scenarios, providing rich data resources for 

subsequent decision-making. For example, a virtual EV battery- trading market is established in 

the metaverse platform, where EV owners can report their car's adjustable capacity and time slots 

according to their travelling plans. The twin platform simulates different charging and discharging 

strategies after receiving the EV load dispatchable capacity. Taking into account the impact of 

different strategies on user output and distribution network load smoothing effect, optimize the 

charging and discharging behaviour of EVs.  

Strategy 1: Consider ordered charging and discharging with the minimum user expense. 

During peak electricity demand, EVs owner can sell their battery capacity to other users to provide 

additional energy supply. During off-peak electricity demand, EVs owner can purchase battery 

capacity from the market sold by other users. Through the simulation of energy trading between 

peaks and valleys, the potential of EVs to participate in peak load regulation can be maximized. 

Strategy 2: Orderly charging and discharging while balancing cost and travel comfort. The 

vehicle owner's satisfaction with travel is highest when they conduct random charging for 

convenience. When vehicle owners pursue their cost expenditure purely based on electricity price 

regulation, their satisfaction with travel is the lowest. In order to encourage users to participate in 

peak regulation, the charging and discharging time can be speculated based on the length of the 

user's charging and discharging period compared to the peak and off-peak electricity price periods 

[b-Wangjing]. Using charging behaviour as an illustration, if the user's charging duration exceeds 

the length of the off-peak electricity price period, they should charge at the start of the off-peak 

period. If the user's charging duration does not exceed the length of the off-peak electricity price 

period, they can start charging at any time during that period, and the same goes for discharging. 

Meanwhile, on the PM platform, various transportation and electric load demand scenarios can be 

simulated to explore appropriate settings for the charging capacity and spatial distribution of 

charging piles. Batch simulations using PM technology can generate significant data samples 

related to EVs’ participation in load response scenarios, enabling dispatch centre personnel to 

identify the best charging and discharging strategies for electric vehicles. 

3) Intelligent decision-making: In the PM, intelligent scheduling and optimization algorithms can 

determine the optimal scheduling strategy based on batch-generated sample data. To accomplish 

peak shaving and valley filling, these algorithms can consider elements like user experience, 

charging and discharging expenses, and power demand [b-Chenweijia]. They can also be 

combined with other historical traffic conditions and grid load curves for prediction. Based on the 

prediction results, the charging strategy of EVs is optimized to maximize their participation in 

peak load regulation. 

4) Closed-loop feedback: EV owners will receive instructions from the dispatch centre to adjust EV 

charging plans based on intelligent decision-making results. After executing the strategy, the effect 
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of orderly charging and discharging will be transmitted to the twin space in real time. This leads 

to a new round of intelligent decision-making strategy, forming a continuously iterative and 

optimized closed-loop control. 

 
Figure 4 – Control of electric vehicle in the PM space  

EVs have tremendous potential for peak-shaving and valley-filling applications. The adoption of PM 

technology can fully leverage EV’s flexible energy regulation and power supply-demand balancing 

capabilities. This technology can be widely applied in other sectors as well. For example, PM can 

simulate residential electricity consumption scenarios in the residential sector to determine optimal 

electricity usage strategies. During periods of high grid load, through price differentials or incentive 

mechanisms residents can be encouraged to shift the usage time of high-energy-consuming devices 

such as washing machines, dryers and dishwashers from peak hours to off-peak hours thus reducing 

the electricity demand during peak periods. PM technology may simulate weather and soil moisture 

conditions in agriculture for optimal irrigation time scheduling. Intelligent irrigation systems and 

energy consumption methods can avoid large-scale irrigation operations during high energy demand, 

bringing about peak shaving and valley filling. 

In summary, adjusting the electricity usage period can, to some extent, balance the demand and supply 

of electricity, reduce the load pressure during peak periods, and improve energy utilization efficiency. 

With the continuous development of relevant technologies and the promotion of cooperation among 

all parties, electric vehicles based on peak-shaving technology will play an increasingly important role 

in the future, contributing to the power system’s reliability, sustainability, and economy. 

7.3.2. Assumptions 

The assumptions related to this use case include the following; 

– It is assumed that the metaverse's energy infrastructure is scalable and capable of accommodating 

a growing number of EVs and participants.  

– It is assumed that energy regulatory frameworks within the metaverse are established to support 

and encourage the integration of EVs into demand response programmes. These regulations may 

address issues such as energy market rules, standards for vehicle-to-grid (V2G) technologies and 

grid interconnectivity requirements.  
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– It is assumed that robust privacy and security measures are in place to protect user data and ensure 

the safe operation of the metaverse's energy infrastructure. This includes secure communication 

protocols, encryption, authentication mechanisms and user consent frameworks. 

– It is assumed that a significant number of EVs are present within the metaverse, distributed 

geographically and available for participation in demand response programmes. 

– It is assumed that EVs are equipped with V2G technology, enabling bidirectional power flow 

between the grid and the vehicles. This allows the vehicles to not only consume electricity but also 

to feed surplus power back to the grid during peak demand periods. 

– It is assumed that user interaction is established matching diverse user profiles, securing 

communication regarding user consent with all users regardless of their language, age or disability. 

7.3.3. Service scenario 

EV owners aim to reduce their charging costs without affecting daily travel plans. For the purpose, 

power metaverse is applied to generate optimization strategy of demand response of power grid. EV 

owners adjust their charging and travelling behaviors according to the optimization strategy, in order 

to obtain charging services at a more affordable price. 

 

Figure 5 – Service dataflow for the control of electric vehicle 

1. EV owners report their charging demands to metaverse platform via mobile clients.   

2. Metaverse platform determines optimization strategy of demand response [b-ITU-T L.1240], 

and delivers the optimization strategy to power dispatch center. 

3. Power dispatch center adjusts the optimization strategy according to expert knowledge and 

experience, and delivers the adjusted optimization strategy to EV owners. 

4. EV owners charge their cars according to the adjusted optimization strategy and update their 

charging demands. 
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7.4. Combined Heat and Power 

Cogeneration is an energy system that improves energy utilization efficiency by generating heat and 

electricity. Appropriate heat load arrangements can enhance the ability of cogeneration plants to 

participate in peak load regulation and renewable energy consumption. The cogeneration system may 

achieve higher intelligence, flexibility and synergy by utilizing PM technology. 

7.4.1. Description 

This use case describes the scenario where PM technology is applied to improve the performance of 

combined heat and power systems, so as to manage energy more efficiently and achieve flexible 

deployment and sustainable use of energy. The procedures in this use case scenario are as follows: 

1) DT modeling construction: Map the operating parameters of the thermal power plants in the 

physical world to PM space and establish corresponding DT models. 

 Inputs: weather conditions, heat storage and generation capacity of Combined Heat and 

Power (CHP) plants, and user-acceptable temperature ranges 

 Controlled variables: heat load and thermoelectric ratio 

 Outputs: room temperature and user satisfaction 

2) Batch generation of multiscenario samples: For the combined heat and power systems, the 

indoor temperature of a heated building during a certain period is the consequence of the 

cumulative impact of heat supply over multiple periods in the past. As a result, the change in heat 

supply during a certain period of the day does not impact the indoor temperature significantly. The 

PM technology can create a virtual environment for the cogeneration system to conduct various 

experiments and tests. The CHP plant operators can report the adjustable power capacity to the 

twin platform according to parameters such as indoor temperature and outdoor weather. The PM 

platform receives the CHP plant's adjustable load signal and optimizes the operation of the CHP 

plant. The platform can simulate various energy supply situations, load demands, and equipment 

operation statuses, considering the output of the cogeneration plant and the effect of participation 

in peaking and new energy consumption. For instance, the PM platform can establish a virtual 

environment for a cogeneration system to simulate the operating strategy of thermal power plants 

under various power demands. During peak load hours of the grid, reducing the heating flow rate 

of the plant and generating more electricity according to the adjustable power capacity uploaded 

by the operators can alleviate the pressure on the power grid supply. Conversely, during off-peak 

periods, less electricity but more heat is generated to compensate for the storage of heat supply [b-

Verda]. This approach facilitates peak shaving and valley filling, optimizing the overall energy 

utilization.  

Thermal power plants with heat storage devices have greater peak load regulation and renewable 

energy absorption potential. The following two solutions may be simulated in PM based on the 

connection between the maximum waist load heat storage capacity and the highest peaking 

compensating heating demand in the low load hours [b-Lv]. 

Strategy 1: If the maximum heat storage in the waist load period exceeds the maximum peaking 

compensation heat demand during the low load period, the system will store as much heat as 

possible in the waist load period. Then priority is given to meeting the peaking heat demand in the 

trough hours and reducing power generation to increase the proportion of wind power 

consumption in the trough hours. The extra heat storage is then adjusted to the peak hours to 

decrease the turbine's heat supply power during those times and raise the percentage of condensing 

steam generation, hence boosting peak power output. 

Strategy 2: If the maximum demand for peaking compensated heating during the low load 

period is higher than the maximum heat storage during the waist load period, it will first store as 

much heat as it can during waist load period and the shortfall will be stored during the peak load 
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period. Therefore, the requirement for peaking compensated heating in the trough hours is as 

nearly satisfied as feasible, and the wind power can be maximally integrated into the power grid. 

3) Intelligent decision-making: Algorithms for intelligent decision-making and optimization are 

used to design and improve the peaking strategy for the cogeneration system based on the models 

and real-time data in the PM. By analysing the real-time status of the system and the demand of 

the power system, intelligent algorithms can provide the best peak-shaving scheme to achieve 

efficient energy utilization and balance of the power system. To accomplish peak shaving and 

renewable energy consumption, these algorithms can consider elements such as the heating impact, 

cogeneration plant income, and power demand [b-Li]. In this process, the CHP operators can also 

make some suggestions to the operating strategies. Predictions can also be made by combining 

historical outdoor temperature changes, new energy output, and grid load curves. Based on the 

prediction results, the operation status of the cogeneration plant is optimized to maximize its 

contribution to load smoothing and renewable energy consumption. 

4) Closed-loop feedback: CHP plant operators will receive instructions from the dispatch centre to 

adjust CHP plant operational status based on intelligent decision-making results. The effect of the 

strategy execution will be mapped to the twin space again to update the parameters. The updated 

parameters will then be used as inputs for the new round of intelligent decision-making, forming 

a closed-loop feedback of iterative upgrading. 

 
Figure 6 – Control of combined heat and power in the PM space  

By participating in peak-load regulation through cogeneration, the traditional reliance on coal-fired 

power generation can be reduced, promoting the use of renewable energy and thus reducing greenhouse 

gas emissions and environmental pollution. By converting waste heat from the power-generating 

process into usable thermal energy, cogeneration technology may improve energy utilization efficiency 

and reduce energy consumption and carbon emissions. The cogeneration system may achieve higher 

intelligence, flexibility, and synergy by utilizing PM technology. As a result, it may more effectively 

take part in peak load management of power systems and smooth out the renewable energy 

consumption. At the same time, it can offer reliable power supply, optimize energy usage efficiency, 

and support energy transformation and sustainable development. With intelligent energy management 

and optimization algorithms in PM, CHP systems can optimize scheduling based on factors such as 

electricity market prices, energy demand, and supply, achieving both economic and sustainability 

goals. 
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Overall, CHP will play a significant role in the energy industry and has broad prospects for participating 

in peak load regulation and boosting new energy consumption. By optimizing energy utilization, 

reducing energy waste and carbon emissions, and achieving flexible scheduling of energy systems in 

PM, CHP is expected to promote sustainable energy development, facilitate energy transition, and 

achieve carbon neutrality goals. 

7.4.2. Assumptions 

The assumptions related to this use case include the following; 

– It is assumed that the real-time data from the thermal power plant is available, including power 

generation capacity, energy demand, and operational parameters such as temperature, pressure, and 

efficiency.  

– It is assumed that a demand response mechanism within the metaverse can be implemented, which 

allows the thermal power plant to adjust its power output based on grid requirements and signals 

from the metaverse platform.  

– It is assumed that smart contracts within the metaverse can be utilized to automate and regulate the 

demand response process, ensuring secure and transparent transactions between the thermal power 

plant and other entities in the energy ecosystem. 

– It is assumed that within the metaverse platform, users can monitor and control their energy 

consumption, receive incentives for demand response, and contribute to a sustainable energy 

ecosystem. 

– It is assumed that user interaction is established matching diverse user profiles regardless of their 

language, age or disability, hence securing all users can monitor and control their energy 

consumption, and all users understand issues related to  receiving incentives for demand response. 

7.4.3. Service scenario 

Operation manager of cogeneration plant aims to participate in the activities of peak shaving and valley 

filling of power supply and demand. For example, when power demand in a certain region is 

approaching the upper limit of power supply, the operation manager increases the load of cogeneration 

plant to meet the need of power consumers. On the contrary, when power demand is at a lower level, 

the operation manager decreases the load of cogeneration plant. For the purpose, PM is applied to 

generate optimization strategy that facilitate the control of load capacity in the cogeneration.  
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Figure 7 – Service dataflow for the control of combined heat and power 

1. Operation manager of Cogeneration plant determines adjustable load capacity based on power 

and heat demands, and delivers the adjustable load capacity to metaverse platform. 

2. Metaverse platform determines optimization strategy for power supply and demand, and 

delivers the optimization strategy to power dispatch center.  

3. Power dispatch center adjusts the optimization strategy according to expert knowledge and 

experience, and delivers the adjusted optimization strategy to operation manager. 

4. Operation manager controls operation status of cogeneration plant according to the adjusted 

optimization strategy and updates adjustable load capacity. 

7.5. Energy Storage 

Energy storage is a crucial and indispensable piece of equipment, as well as a key supporting 

technology for building a new power system that relies on renewable energy resources [b-Kang]. 

However, currently, the design, operation, and optimization of energy storage systems face challenges, 

such as complex grid environments, unpredictable load demands and market fluctuations [b-ITU-T 

L.1220]. PM technology can handle various complex variables effectively through simulation and 

optimization, assisting operators of power grid systems and energy storage stations in gaining a better 

understanding and control of energy storage systems, thereby enhancing their performance, reliability 

and cost-effectiveness. 

7.5.1. Description 

PM technology can be used to adjust the charging and discharging behaviour of energy storage stations 

to achieve peak and valley reduction in the grid system. 

The procedures in this use case scenario are as follows: 

1) DT modeling construction: Map the operating parameters of energy storage stations and grid 

loads from the physical world to the virtual space in the PM.  

 Inputs: rated capacity, ramp rate, charging and discharging efficiency, maximum charge-

discharge duration, grid load data and maintenance costs.  
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 Controlled variables: charging and discharging behaviour of the energy storage station  

 Outputs: charging and discharging schedule, power curve of the energy storage station. 

2) Batch generation of multiscenario samples: In the PM space, samples consisting of inputs, 

controlled variables and outputs are constructed in batch to cover all the scenarios, providing rich 

data resources for subsequent energy storage charging and discharging scheduling. In the 

metaverse, grid system dispatchers and storage station operators can access to a virtual platform, 

checking various data curves for grid load, renewable energy generation efficiency, and energy 

storage facility state. Based on this information, they can then evaluate different charging and 

discharging strategies adopted by the energy storage station on the grid load in the metaverse 

platform. When the power demand is low, energy storage stations store electricity from renewable 

energy sources such as solar and wind power, as well as surplus power from the grid, for future 

needs. During peak power demand or periods of insufficient power supply, energy is discharged 

from the storage stations back to the grid to alleviate the supply pressure during peak load periods, 

thereby achieving peak-shaving and valley-filling functionality. Additionally, by utilizing PM 

technology, a massive amount of data samples are made available for configuration optimization 

by simulating and deducing the characteristics and application requirements of different energy 

storage scenarios. In order to optimize the configuration of energy storage stations, it is necessary 

to analyse factors such as the quantity, capacity and layout of energy storage devices. This analysis 

will further enhance the accuracy and efficiency of charging and discharging strategies for energy 

storage. 

3) Intelligent decision-making: the optimal real-time energy storage charging and discharging 

adjustment strategy can be determined based on batch-generated sample data using intelligent 

decision-making and scheduling algorithms. These algorithms can comprehensively consider the 

factors of power demand, electricity prices, storage costs, charging and discharging efficiency, 

aiming to achieve the effect of peak shaving and valley filling. In a DT space, other environmental 

parameters and historical data on electricity consumption can also be combined for prediction. 

Based on the prediction results, the charging and discharging strategies of the energy storage are 

adjusted to make the energy storage station more flexible to respond to the changes and demands 

of the power system. 

4) Closed-loop Feedback: Intelligent decision-making is applied to the energy storage power 

stations in the physical world, forming a closed loop with the building a DT and the generation of 

samples to iteratively optimize the charge and discharge decision. By monitoring and evaluating 

the operational performance of the energy storage power station, new sample data are generated 

continuously and iteratively, and achieve more accurate and efficient control of energy storage 

charging and discharge behaviours. 



FGMV-09 (2023-10) 16 

 
Figure 8 – Control of energy storage in the PM space  

7.5.2. Assumptions 

The assumptions related to this use case include the following; 

– It is assumed that rich data can be acquired through various sensors as well as third-party platforms. 

– It is assumed that the network communication quality is reliable. 

7.5.3. Service Scenario 

Operation manager of energy station aims to take an active part in the peak shaving and valley filling 

activities of power supply and demand. For example, when power demand in a certain region is 

approaching the upper limit of power supply, energy station serves as a power supplier to meet the 

need of air conditioning, electric vehicles and other power consumers (if any). On the contrary, when 

power demand is at a lower level, energy station receives electricity from traditional and/or renewable 

energy sources. For the purpose, PM is employed to generate optimization strategy to facilitate the 

control of power charging and discharging behaviors of  energy station. 
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Figure 9 – Service dataflow for the control of energy storage 

1. Operation manager delivers operation status information of energy storage station to metaverse 

platform. 

2. Metaverse platform determines optimization strategy for peak shaving and valley filling, and 

delivers the optimization strategy to power dispatch center. 

3. Power dispatch center adjusts the optimization strategy according to expert knowledge and 

experience, and delivers the adjusted optimization strategy to operation manager. 

4. Operation manager controls charging and discharging behaviors of energy station storage 

according to the adjusted optimization strategy and updates operation status of energy station.  

7.6. Multi-energy Complementarity 

Multi-energy complementary refers to the utilization of a combination of different forms of energy to 

achieve stable, reliable, and sustainable energy supply. However, multi-energy complementary 

systems involve integrating and managing multiple energy sources, leading to increased complexity of 

the energy system. The metaverse can consider factors such as the complementary relationship between 

various energy sources, the flexibility of energy distribution, and energy stability to better manage and 

optimize the coordinated supply and efficient utilization of multi-energy sources [b-Wang]. 

7.6.1. Description 

This use case describes the scenario where PM technology is used to create a multi-energy 

complementary integrated energy system in an industrial park, to realize multi-energy cooperative 

supply and energy cascade utilization. The procedures in this use case scenario are as follows: 

1) DT modeling construction: Map the PEs of renewable energy power stations, thermal power 

stations, buildings, boilers, charging stations, and their state data in industrial park settings to a 

virtual space. 

 Inputs: weather conditions, multi-energy supply, user demand and user experience 
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 Controlled variables: parameters of energy supply and conversion  

 Outputs: electrical energy, thermal energy, cooling energy and user satisfaction 

2) Batch generation of multiscenario samples: samples consisting of inputs, controlled variables 

and outputs are constructed in batch to cover all the scenarios, providing rich data resources for 

subsequent energy storage charging and discharging decisions. For integrated energy systems, 

energy sources are diverse, and adopting different multi-energy collaborative supply schemes will 

produce different effects. Additionally, the design of energy cascade utilization strategy also 

affects the efficiency of energy utilization. PM technology can provide an energy trading platform 

for the park's integrated energy system. Consumers in the park can report their detailed energy 

needs on the trading accessible platform. At the same time, various energy suppliers in the park 

sell the energy on the platform. Further, the simulated operational outcomes caused by different 

energy complementary schemes and cascade utilization strategies in an industrial park scenario: 

1) the effect of supplying power, heating, and cooling for the park; and 2) the utilization rate of 

energy. 

Strategy 1: Simulate the complementary effect under different energy combinations based on 

the renewable energy output curve [b-Xu]: when the supply of renewable energy is insufficient, 

increasing the proportion of thermal power generation can compensate for the shortage and 

randomness of wind power output. Conversely, when the supply of renewable energy is sufficient, 

the output of thermal power generation can be reduced. Generating a batch of multi-energy 

complementary schemes is conducive to optimizing the collaborative supply of various energy 

sources. 

Strategy 2: Simulate the high temperature requirements of industrial processes in the PM: after 

being used at high temperatures, waste heat can be recovered through heat exchangers and used 

for low-temperature thermal energy needs such as heating and hot water supply. After the low-

temperature utilization, the remaining thermal energy can be further heated up by heat pumps and 

other technologies to meet the energy demand of higher temperature. Similarly, the system could 

utilize excess electricity to produce hydrogen through water electrolysis, which can be stored and 

utilized as another form of energy. The hydrogen produced can be used in applications such as 

fuel cell power generation and hydrogen-powered vehicles. Utilizing PM technology to generate 

demand-responsive energy cascade utilization schemes in batches will provide important data 

support to improve energy utilization efficiency. 

3) Intelligent decision making: Based on the sample data generated in batches, multi-energy supply 

data, and energy demand in the metaverse, the multi-energy collaborative supply and cascade 

utilization schemes for industrial parks are determined and optimized. In addition, PM can also 

combine environmental parameters, real-time and historical energy consumption data for 

predictive analysis, dynamically adjust comprehensive energy utilization strategies, and maximize 

energy efficiency.  

4) Closed-loop Feedback: Intelligent decision-making is applied to the comprehensive multi-energy 

complementary energy system of the industrial park in the physical world, forming a closed loop 

with the building DTs and the generation of samples to iteratively optimize the charge and 

discharge decision. By monitoring and evaluating the effectiveness of the application of this 

decision in enhancing multi-energy complementary, improving energy utilization and meeting the 

energy demand of the park, the sample data are continuously iterated and decision-making 

algorithms are optimized. 



   FGMV-09 (2023-10) 19 

 
Figure 10 – Control of multi-energy complementarity in the PM space 

7.6.2. Assumptions 

The assumptions related to this use case include the following; 

– It is assumed that various power generation and energy conversion devices are already in normal 

production and operation. 

– It is assumed that various sensors have been deployed in a reasonable manner, capable of collecting 

rich data information and uploading it. 

– It is assumed that the network communication quality is reliable. 

– It is assumed that there is sufficient simulation computing capability, or the ability to utilize third-

party cloud computing services to meet computational requirements. 

– It is assumed the trading platform is accessible for all users, regardless of their language, age, or 

disability. 

7.6.3. Service Scenario 

Typically, there are various kinds of traditional and renewable energy resources available in an 

industrial park, including but not limited to photovoltaic, wind turbine and so on. Besides, there are 

also various kinds of energy consumers that have power consumption characteristics different from 

each other. Hence, power supply and demand in an industrial park is dynamically fluctuating, and it is 

required to control the fluctuation in a lower level to achieve energy saving and balance. For the 

purpose, PM is applied to facilitate multi-energy complementarity in the industrial park. 
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Figure 11 – Service dataflow for the control of muti-energy complementarity 

1. Energy consumer delivers energy demand to energy manager of industrial park. 

2. Energy manager forwards energy demand to metaverse platform. 

3. Metaverse platform generates multi-energy supply and conversion strategy that facilitates the 

control of energy supply equipment in the industrial park, and delivers the strategy to the 

energy manager. 

4. Energy manager adjusts the optimization strategy based on expert knowledge and experience, 

and sends the adjusted strategy to the CCHP system. Upon the arrival of the strategy, CCHP 

system performs the strategy to optimize the balance of power supply and demand in the 

industrial park. 

7.7. Resilient Power Grid 

In the context of dual carbon strategy, the power system is facing great challenges in maintaining its 

safety and reliability. Particularly, extreme weather conditions may incur equipment malfunctions, 

resulting in negative impacts on grid operation. Users, including dispatchers, maintenance personnel 

and power system researchers, can build a resilient power grid with the help of PM technology and 

enhance the ability of the real grid to withstand extreme weather. 

7.7.1. Description 

This use case describes how to use the PM technology to enhance power grid resilience under the 

influence of extreme weather conditions, where load prediction is the key to detect equipment hazards 

before malfunctions occur. The users input the data relevant to the weather conditions they want to 

simulate, and the PM will give several preliminary coping strategies. Users give feedback on these 

strategies based on real-world situations and make the final decision [b-He].  The following are related 

steps in this use case scenario: 

1) DT modeling construction: Create VEs for PEs of each component of power grid in the virtual 

space. 

 Inputs: Operational status of grid-side equipment, power output of source-side equipment, and 

load characteristics of user-side equipment. 

 Controlled variables: Extreme weather condition. 
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 Outputs: Load prediction result and emergency plans for possible equipment abnormalities. 

2) Batch generation for multiscenario samples: Samples consisting of inputs, controlled variables 

and outputs are generated in batch to cover all possible scenarios. With the support of the PM 

technology, load prediction is conducted in various time and space scales, in order to locate 

potential risks of equipment in operation. The following two strategies can be adopted to conduct 

load prediction in the virtual space. 

Strategy 1: Load prediction based on univariate regression. Given historical operation data of 

equipment, a load prediction model is created using univariate regression methods. Equipment is 

assumed to be at risk of malfunctioning when its load features significantly differ from those in normal 

times. 

Strategy 2: Load prediction based on multivariate regression. Given that historical weather 

condition data is available, a load prediction model is created for each device using multivariate 

regression methods. And a device is assumed to be at risk of malfunctioning when its load features are 

significantly different from those in normal times. 

Immediately after the detection of equipment hazard, emergency plans are generated to eliminate 

potential operation risks by conducting emergency plans like load transferring and equipment 

maintenance, according to decision-making. 

3) Intelligent decision-making: Based on the batch-generated sample data, decision-making is done 

to form optimal emergency plans for specific weather conditions. 

4) Closed-loop Feedback: The optimal emergency plan is conducted in the physical world. The 

variation of status and behaviours of PEs are monitored and delivered to the DT platform.  

 

Figure 12 - Control of resilient power grid in the PM  

Extreme weather conditions may incur great impact on power output of equipment on the source side, 

load characteristics of user-side equipment, and the operational status of grid-side equipment. For 

instance, power consumption in summer or winter is much higher than that in autumn or spring. In this 

use case, PM technology is employed to improve power grid resilience by detecting hazardous 

equipment and generating emergency plans under extreme weather conditions. PM technology can be 

also applied to islanded microgrids and EV charging stations, to enhance power supply reliability. 
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7.7.2. Assumptions 

The assumptions related to this use case include the following: 

– It is assumed that grid-side equipment data is accessible. Status information of primary and 

secondary equipment on the grid side should be collected, including, but not limited to, rated 

capacity, rated voltage, load loss, short-term tolerable current and impedance. 

– It is assumed that source-side equipment data is accessible, including renewable and conventional 

energy generation data, to develop operating modes under various circumstances. 

– It is assumed that user-side equipment data is accessible, including load characteristics of user-side 

equipment, to evaluate the responsiveness of the power grid under extreme weather conditions. 

– It is assumed that extreme weather condition data is accessible, including typhoons, earthquakes, 

extreme cold, and extreme high temperatures.  

7.7.3. Service Scenario 

Extreme weather has a significant negative impact on the operation of power grid. It is necessary for 

operation managers of power grid to conduct load prediction based on extreme weather forecasts, so 

as to identify potential risks and develop emergency plans. Based on the emergency plans, equipment 

inspectors carry out inspections to ensure power supply safety. For the purpose, PM is applied to 

facilitate load prediction, emergency plan development and equipment inspection. 

 

 

Figure 13 – Service dataflow for resilient power grid in the PM 

1. Operation manager of power grid uploads extreme weather forecast to metaverse platform. 

2. Metaverse platform conducts load prediction based on the extreme weather forecast to 

identify potential risks. Meanwhile, it delivers load prediction results to the operation 

manager of power grid. 

3. Operation manager develops an emergency plan that guides the equipment inspector in 

completing the task of inspection. More specifically, the emergency plan indicates a set of 

equipment that may suffer heavy load or over load under the influence of extreme weather 

conditions, and suggests how to protect the equipment. 
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4.  Equipment inspector delivers inspection instructions to resilient power grid, so as to 

remotely conduct inspection affairs. 

7.8. DGA Inspection 

The transformer operation and maintenance team is responsible for completing the test of gases 

dissolved in oil. DGA inspection is one of the most widely used diagnostic tools for detecting and 

evaluating faults in electrical transformers filled with insulating liquid. During the inspection, the 

composition of oil samples is analysed to determine the proportion of characteristic gases dissolved in 

the oil, in order to determine whether the transformer is at risk of malfunctioning. 

7.8.1. Description 

This use case describes how to use the PM technology to simulate and deduce the process of DGA 

inspection, so as to provide inspectors with immersive, interactive and multisensory experiences when 

conducting sampling, testing and other inspection behaviours. The following are related steps in this 

use case scenario: 

1) DT modeling construction: Create VEs for the corresponding PEs of transformer, surrounding 

environment and mobile laboratory system of DGA, where the inputs, outputs and controlled variables 

are described below. 

 Inputs: Specification and operational status of transformer and information on surrounding 

environment, which are collected using MR/VR technologies. 

 Controlled variables: Proportion of various kinds of gases dissolved in the oil. 

 Outputs: Transformer condition assessment outcomes. 

2) Batch generation for multis-cenario samples: Samples consisting of inputs, outputs and 

controlled variables are generated in batch to cover all possible scenarios. The following two strategies 

can be adopted to perform sample generation. 

Strategy 1: Experiment-driven sample generation. Firstly, conduct DGA inspections in the 

mobile laboratory system. Meanwhile, collect the values of inputs, outputs and controlled variables via 

IoT infrastructure. Secondly, reproduce the whole process in the virtual world using 3D reconstruction, 

VR and AR. 

Strategy 2: AI-driven sample generation. Firstly, set up a GAN model based on historical data 

of inputs, outputs and controlled variables. Secondly, produce data samples via the GAN model with 

varying values of inputs and controlled variables. 

3) Intelligent decision-making: Given the result of the transformer condition assessment, decision-

making is conducted to obtain the optimal maintenance solution for specific malfunctions and hazards. 

4) Closed-loop Feedback: The optimal maintenance solution is conducted in the physical world. The 

variation of status and behaviours of PEs are monitored and delivered to the DT platform. 
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Figure 14 – Control of DGA inspection in the PM space 

Nevertheless, in this use case, the MR glasses can also provide users with relevant information about 

the inspection, such as the types of experiences and activities available, the number of users, and the 

quality of the user experience. 

In the past few years, several smart substations have been built, where main routines like device 

operation and maintenance are conducted with the support of modern ICT technologies. This use case 

demonstrates how to employ PM technology to facilitate intelligent inspection for transformers in 

substations. With the support of the PM technology, inspectors can not only obtain guidance for DGA, 

but can also generate maintenance solutions for specific malfunctions, resulting in a remarkable 

improvement in both efficiency and effectiveness. In addition, the PM technology can be applied to 

various primary and secondary equipment, including but not limited to transmission lines, smart meters 

and so on. 

7.8.2. Assumptions 

The assumptions related to this use case include the following; 

– It is assumed that various kinds of sensors can be used to collect visual, auditory, tactile and other 

sensory information during the inspection for model training. 

– It is assumed that a user has accessible multilanguage and multimodal input devices such as a MR 

glasses and mobile clients, and uses them to collect visual, auditory, tactile and other sensory 

information during the inspection.  

– It is assumed that transformer operational data includes DGA, grounding current, vibration and so 

on. 

– It is assumed that a unique device identifier is assigned to each device to make it feasible to retrieve 

the specification of device online. 

– It is assumed that the operation instruction given by inspectors is recorded. 

– It is assumed that MR glasses and mobile client are used to collect sample data to provide normative 

guidelines for AI models and inspectors to generate high-quality samples. 

– It is assumed that a user can interacts with the mobile laboratory system of gases dissolved in oil 

by MR glasses or mobile client etc. And establish a mobile laboratory system to facilitate sample 

generation. 
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7.8.3. Service scenario 

The transformer operation and maintenance team perform a DGA inspection to detect potential 

abnormal of transformer. To keep the process of DGA inspection in a standard and efficient way, PM 

is applied to facilitate the process of inspection. The service flow is described below. 

 

Figure 15 – Service dataflows for the DGA inspection use case 

1. Inspector delivers operation instruction to mobile laboratory system to start DGA inspection. 

2. Mobile laboratory system forwards operation instruction to power transformer to conduct 

DGA inspection. 

3. Power transformer delivers operation data of DGA inspection to metaverse platform. 

4. Metaverse platform evaluates the operation data of DGA inspection to diagnose potential 

abnormal of transformer. Then, it generates normative guidelines for further inspection and 

delivers the guidelines to inspector. 

5. Inspector delivers further operation instruction to mobile laboratory system to proceed on 

DGA inspection (if necessary). 
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