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Abstract

:

The utilization of solar power generation/storage microgrid systems has become an important approach, transforming the energy structure of China in order to achieve the emission peak and carbon neutrality. Meanwhile, the commercialization of household photovoltaic (PV) systems is also at the transitional period between its beginning to its maturity. This study considers developers intending to invest in building community microgrids with the concept of sustainable development, and focuses on the relationship between the developers and residential users. Firstly, an operation framework considering the autonomous behavior patterns of stakeholders is proposed. Then, a two-level mathematical programming model based on the leader–follower game is established in this paper. In the upper level, the developer decides the capacity size and the system price of the microgrid system in order to maximize profit. In the lower level, the residential users in the community optimize their power consumption behaviors in the microgrid system taking into account both benefit and fairness. They need to decide whether to support the construction of a microgrid system by comparing their electricity bills before and after participating in a microgrid system. Through solving the model and analyzing the relationship between the two sides of the game, it can be seen that only by designing the optimal system configuration and coordinating with weather conditions in terms of better sunshine intensity can the developer and all kinds of users benefit from the project under the current market data. Meanwhile, the users with higher power consumption benefit more from the microgrid system among different types of residents. Under the market structure dominated by developer, the government’s PV subsidy will greatly increase the revenue of system developer. However, it does not increase the installed capacity of system, nor does it bring more benefits to residential users. Moreover, compared with the independent operation mode, the centralized management mode can bring more benefits to both sides and encourage the developer to build larger installations.
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1. Introduction


1.1. Background


To promote the innovation and the application of low-carbon technologies, China has released a series of relevant support policies to boost the scale of China’s installed photovoltaic (PV) power generation capacity to reach first place worldwide [1]. Over recent years, the implementation of household distributed PV power systems in China has not matched up to what was anticipated, in contrast to the rapid development of centralized PV stations [2]. The main reason is the low generation efficiency caused by the inherent intermittency and randomness of PV power generation, which leads to a significantly high usage cost of energy storage facilities.



Since the 1980s, urban communities in China have been managed mainly by community residents, uniting various social organizations in the community to jointly participate in the management of community affairs. A number of governmental actions in cities have been gradually transformed into autonomous actions of the public in contemporary society. Furthermore, the community resident committees for self-management have been developed in many urban communities. Residents elect representatives of community members to discuss and deliberate on important affairs in the community, forming a community residents’ self-governance system focusing on democratic elections, democratic decision making, and democratic management [3]. Taking Shanghai as an example, there are currently 4628 community resident committees and about 13,000 residential communities in the city. The size of these communities varies from hundreds and thousands to tens of thousands of people depending on the type of house and design. The largest residential community holds up to 100,000 residents. Moreover, the city’s residential electricity consumption in Shanghai reaches 27.797 billion kWh annually, with an average annual consumer domestic electricity consumption of 2655.72 kWh/year per household. Figure 1 shows a low carbon community installed in Shanghai and displays the basic spatial distribution of the residential solar power system.



On the other side, different regions in China charge different tariffs for residential electricity consumption. The Guangdong region differentiates between tariffs in summer and non-summer. Districts such as Shanghai and Zhejiang adopted a step-by-step time-of-use tariff. There are also areas, such as Tibet, that directly use fixed tariffs. Therefore, deploying the solar power generation/storage microgrid system and designing a fair distribution mechanism of profit and a commercial operation strategy are of practical significance to popularize the application of renewable energy in the construction of new communities or the renovation of old communities. It can help facilitate the emission peak and achieve carbon neutrality as early as possible.




1.2. Literature Review


The academic research in the field of the microgrid has been accelerated in recent years. Studies related to this article can be mainly divided into three categories. The first type regards the microgrid system as an individual entity and examines the interest relationship of the microgrid when it is involved in electricity trading in external electricity markets. Manshadi & Khodayar (2016) [4] proposed a power market hierarchy that had the microgrid compete in the distribution market through introducing load aggregators, and applied the game equilibrium model to examine the behavior of each market participant. Fang et al. (2020) [5] presented a multi-intelligent microgrid model with an auction-based electricity market to ensure the efficiency of the microgrid whilst balancing the interests of market competitors. A two-stage energy management model was conducted by Wang et al. (2018) [6]; the mean–variance Markowitz theory was applied to assess the cost risk of microgrid operations in the first stage, and the balance of the electricity market was maintained to the maximum extent in the second stage. Huang et al. (2018) [7] considered the impact of power exchange among microgrids on the life-cycle cost of each microgrid, and proved that the suggested optimal size based on the collaborative operation can improve the economic efficiency. Ju et al. (2021) [8] designed a three-stage optimization model with multiple game states for the optimization problem of micro energy grids bidding against utility energy grids. Mohammadi et al. (2012) [9] considered the entire microgrid as an agent to incorporate a bidding process into the distribution grid electricity market, and conducted a comparative analysis of operating results under two different tariff determination mechanisms. Akbary et al. (2019) [10] proposed a reserve pricing scheme to provide all market participants with the appropriate signals to modify their offers according to the system operator requirements. Ghadimi et al. (2018) [11] proposed a two-stage forecast engine with a feature selection technique for electricity load forecasting. The master–slave game method is adopted to explore the energy trading problem in a multi-level integrated power system that consists of multiple energy suppliers and end users [12,13,14]. Apparently, the above literature concentrates on energy trading mechanisms that maximize the benefits of the microgrid and external multi-stakeholders; however, competition and cooperation among users in the microgrid are not considered.



The second category of the related literature focuses on the microgrid itself to achieve stability in the economy at the system level. The energy storage inverter control model is considered as the core to maintain the transient stability of the microgrid in the disturbance of island mode [15]. Zhao et al. (2013) [16] optimized the parameters of energy storage devices during microgrid operation and analyzed the economic operation scheme of the microgrid under the specified energy storage charging and discharging strategy. Chen et al. (2019) [17] investigated the impact of stochastic prediction errors on the operational stability of energy storage systems from the state of charge perspective and proposed a new model for the propagation and accumulation of stochastic prediction errors. Grover et al. (2018) [18] and Wang et al. (2018) [19] evaluated the impact of environmental factors and demand response on distributed generation technology to optimize the operating costs of microgrids. Tushar et al. (2015) [20] presented a distributed real-time power allocation scheme based on a non-cooperative game to tackle the high intermittency of energy and the unpredictability of electric vehicles within the microgrid. Furthermore, Zamani et al. (2016) [21] proposed a virtual power plant formed by a virtual demand response integrator and generators, using forecast data for day-ahead dispatch and making time forward dispatch correction based on actual occurrence data. In terms of research on the impact of energy storage technology within the microgrid, Wang et al. (2019) [22] and Kalavani et al. (2019) [23] confirmed that an appropriate scheduling of energy storage systems allowed for a significant reduction in the operating costs of the microgrid system. Zhao et al. (2018) [24] used cooperative games to reduce the risk of outages in microgrids as well as to raise economic revenue. Moreover, it was stated that the scale and the extent of the driving force of electricity trading between microgrids and external entities were considerably below the degree of trading among users within the microgrid [25]. In the research on electrical energy trading within microgrids, Long et al. (2018) [26] established a multi-stage incentive model for microgrid program development to pursue optimal government subsidies and optimal cooperation incentives for energy suppliers. Lastly, Dehghani et al. (2021) [27] proposed a secured policy architecture based on the block-chain to keep the security of the data exchanged among distributed generation agents.



The last category of the literature focuses on the load control strategies for smart households. Zhang et al. (2015) [28] put forward a smart community consisting of power generation, battery energy storage, electric vehicles, and smart home appliances, and developed a mixed-integer linear programming model to minimize the cost in accordance with the short-time predicted values of new energy generation. He et al. (2021) [29] proposed an electricity–hydrogen hybrid power sharing system and simulated the smart tides of vehicle grid interaction and electrolytic cells to further enable seasonal stability and annual cost savings of the grid. Wang et al. (2018) [30] employed a robust optimization approach to build a household load scheduling model that provides customers with complete robust scheduling while accounting for uncertain parameter disturbances. Samedi et al. (2014) [31] developed an optimization strategy of single user power consumption behavior based on the goal of minimizing the electricity consumption cost of community users. On the contrary, Alilou et al. (2020) [32] addressed the issue of the joint scheduling of electricity consumption behaviors in a smart community with multiple individual users, assuming that all users were intelligent entities who could automatically respond in accordance with electricity prices. Moreover, to achieve the overall optimization of the user’s electric vehicles, Olsen et al. (2018) [33] suggested a household energy management system capable of extending the life of transformers and reducing the operating cost of the distribution network; Sarker et al. (2017) [34] advanced a centralized smart charging strategy for household loads to reduce transformer aging; Ma et al. (2021) [35] developed an incentive demand response model for loads under a power constraint and a demand response constraint to minimize the customer’s electricity consumption cost and the power fluctuation of electricity purchase. Furthermore, Wang et al. (2015) [36] raised a robust index approach to address uncertainty challenges caused by customer behavior in order to minimize the comfort conflicts within household load scheduling. Additionally, Khodaei et al. (2018) [37] used the optimization technique to minimize electrical power consumption for the industrial sector with renewable sources.




1.3. Motivations and Main Contributions


The majority of the above studies regard the microgrid as a single entity competing in the market, and lack any investigation into the interest relationship among users inside the microgrid. Additionally, the listed studies about users’ electricity loads mainly regard users’ households as the aggregation of smart appliances for joint scheduling, without considering the impact of users’ subjective behavior as human beings on the overall system. Hence, we intend to investigate the benefit/cost of different participants in the real application of the microgrid system in a community in China.



The main contributions are shown as follows.



	(1)

	
This paper emphasizes the individual preferences and electricity consumption behaviors of different users. Then, the business mode and the operation strategy of the microgrid system are shown from two perspectives, the developer and community users. Therefore, it can enable all stakeholders to proactively support the construction of the microgrid project and the operation of low carbon communities.




	(2)

	
A mathematical model is established for the game between the developer and community users. Particularly, the detailed measurements of community users are expressed with formulas for the first time, including the pricing module, demand response module, and electricity expenditure module.




	(3)

	
Different scenarios with real data are analyzed and compared in numerical experiments. The conclusions are not only useful for the developers and residential users in different locations, but also can provide support for policy makers in the government when promoting the development of the PV industry.








1.4. Paper Structure


The rest of the paper is structured as follows. Section 2 outlines the core stakeholders, vital element combinations, and subsequent mechanisms of the microgrid. Section 3 establishes relevant models to characterize the operation of the microgrid. Section 4 analyzes case studies in various scenarios to show the key factors impacting the system performance. Section 5 further discusses the remarkable conflicts and difficulties in developing a community microgrid. Finally, the conclusions and future works are presented in Section 6.





2. Problem Description


2.1. Problem Formulation


This subsection firstly outlines the specific configuration of the solar power generation/storage microgrid system in community, which is illustrated in Figure 2. The microgrid system built by the community developer consists of a distributed photovoltaic power generation system (PV system) and an energy storage system, including PV arrays, PV controllers, inverters, storage batteries, AC distribution cabinets, and PV mounts. In terms of the reality of community life, this study adopts one PV system with a direct grid connection on the user side, which is connected to the grid of a lower voltage level and does not feed into a high-voltage grid. The surplus power generated by the PV system is stored locally instead of sinking into the external grid in order to avoid causing the disturbance to the public grid. Nonetheless, considering the inherent intermittency and randomness of PV power generation, the microgrid system designed in this paper remains the interface to the external public grid for supplying electricity to residents in order to ensure that the residents’ electricity demand can always be fulfilled at all times.



This study takes the developer with the mission of building low-carbon communities and community users with potential purchase intentions as the research objects. Instead of investigating the technical problems about the hardware of whole system, we intend to explore the design of the configuration from the system level and focus on the benefit/cost analysis from an economic aspect. Note that the capital of the community microgrid is a commercial behavior between a company and the residential users. Thus, it is necessary to analyze the commercial operation strategy of solar power generation/the storage microgrid system, which in essence is to study the transaction problem and the later operation mechanism between the community developer and residential users.



The core of establishing an effective and pervasive business pattern for a community microgrid is developing a fundamental comprehension of how each of its components and models fit together. Therefore, the problem studied in this paper contains two critical aspects. One is the developer, who is interested in how much money needs to be invested and how to earn profit from this project. The other is residential users, who are interested in how much benefit can be obtained from this project and how the generated solar power can be allocated fairly among the users. The detailed formulation for each side is shown as follows.



The calculation of the initial capital cost of the microgrid system is essential for the developer. Given that the components of the microgrid have a coupling relationship, two core variables are the most important in determining the capital cost: the installed size of the PV system (   N  PV    ) and the size of the battery (   N B   ). It means that the capital cost can be derived if these two variables are determined, which is shown in detail in Section 3.1. Then, after the facilities of the microgrid system are completed, the developer achieves profitability by charging a selling price    P f    for the microgrid system. On one hand, this price is required to at least cover the construction cost of the microgrid system. On the other hand, considering that the devices of the microgrid are public facilities of the community, it is necessary to guarantee that all residents in the community would be willing to participate in the project so as to avoid conflicts among residents.



Once the microgrid system is sold to the residential users, the property rights of the microgrid will be shifted to its residential users. The community resident committee is elected among users to operate their own utilities. To centrally schedule the customer demand for PV power generation, the community resident committee distributes PV power generation equally based on the overall residential electricity demand and total PV power generation during each time period. Users pay fees to the community resident committee according to their PV electricity consumption; at the end of the year, the community resident committee distributes the surplus funds to residential users equally in the form of dividends after paying maintenance expenses. Moreover, the committee sets flexible real-time PV tariffs to guide users’ electricity consumption behaviors, aiming at enhancing the utilization of PV power on one side and reducing users’ electricity consumption costs on the other side. Finally, the individual user will compare electricity costs before and after participating in the microgrid so as to decide whether to support the project or not. The detailed calculations for residential users are shown in Section 3.2.




2.2. Game between Two Sides


From the above analysis, we find that the model of the developer and the model of the residential users are correlated. The developer prefers a smaller sized system and a higher selling price to increase the profit margin. However, this will be harmful to the residential users’ benefit and reduce the approval rating of the residents. Therefore, the transaction is actually a game between the two sides. Since the community developer is surprisingly strong in China, the relationship between the developer and users forms a leader–follower landscape in the master–slave game.



It is necessary to find a pragmatic solution to unify the transaction issue of microgrid systems and the design of subsequent operation mechanisms. Then, a bi-level mathematical programming model based on a master–slave game is established. In the upper level, the developer acting as game master bears the construction expense of the microgrid system, and determines the price and the installation scale of the microgrid system with the aim of maximizing profit. In the lower level, residential users decide whether to be involved in the microgrid project by assessing the difference in electricity costs before and after participating in the microgrid project.



The community microgrid can only be installed successfully if a Nash equilibrium point in the game can be obtained, in which both two sides are profitable. In order to search for this point, we need to solve the corresponding mathematical model to find the optimal solution. Consequently, the solution approach obtains residential users’ decision information by resolving the lower-level model and reflects it back to the upper-level model, then finds the optimal scale of the microgrid system and the highest selling price of the system for the developer.





3. Mathematical Model


3.1. The Upper-Level Optimization Model


In order to fulfill the goal of maximizing total profit, the developer has to determine a reasonable selling price and an optimal installation scale of solar power generation/the storage microgrid system. Meanwhile, it is necessary for the developer to attract as many users as possible to participate in the microgrid project. There are three decision variables in the upper-level model, including the installation scale of the PV system    N  PV    , the installation scale of the battery    N B   , and the selling price of the microgrid system    P f    (per unit). The values of these three decision variables not only directly determine the construction expenditures and the developer’s total profit, but also influence the number of customers who decide to join in the microgrid project. Additionally, two 0–1 variables are set to reflect the information of users’ decisions.    y k  = 1   when the user k chooses to pay    P f   ; otherwise,    y k  = 0  .    y   = 1   when all users are willing to pay for joining in the microgrid project; otherwise,    y   = 0  . The mathematical description of the upper-layer optimization model is expressed as follows.


  Max   P R = y × (  P f  × n ) −  C  T o t a l    



(1)






  s . t .   y ≤  y k  , 1 ≤ k ≤ n  



(2)






   y k  = g (  P f  ,  N  PV   ,  N B  )  



(3)






  y ,  y k  = 0 / 1  



(4)







Equation (1) denotes the objective function of the upper-level model, in which   P R   represents the developer’s profit from building the microgrid project, n denotes the total number of residential users, and    C  T o t a l     denotes the total construction cost of project. Equations (2) and (4) indicate that the project is invalidated as long as one user declines to join. Equation (3) represents the mapping relationship of users’ decision information that feeds back to the upper-level model after solving the lower-level optimization model.



The cost of building microgrid project    C  T o t a l     is divided into two parts: cost of the PV system and cost of the energy storage system (mainly consisting of storage batteries). The cost of each component is calculated in different ways since the quantity of inverters depends on the number of households and the installed scale of PV arrays hinges on the scale of the microgrid system’s construction. Further, each single component in the microgrid system needs to be matched with each other in terms of type and specification so as to maintain the feasibility and stability of the system operation. Given that, the construction cost of the microgrid project is calculated as shown in Equations (5)–(11).


   C  T o t a l   =  C  PV   +  C  inv   +  C  SE   +  C B  +  C  AF   +  C  PVC    



(5)






   C  PV   =  N  PV    ×  p  PV    



(6)






   C  inv   = n ×  p  inv    



(7)






   C  SE   = n ×  p   SE , AC     



(8)






   C B  =  N B   ×  p B   



(9)






   C  AF   =  p  AF , 1   ×  N  PV    +  p  AF , 2   × n +  p  AF , 3   × n × [  N  PV    / (  N  PV   u n i t   × n ) − 1 ]  



(10)






   C  PVC   =  p  PVC   × n  



(11)







Equation (5) shows the segmentation of    C  T o t a l    , covering the cost of PV power arrays, inverters, PV controllers, distribution cabinets, batteries and PV accessories. Equation (6) represents the cost of PV array    C  PV    , in which    p  PV     represents the unit price of the PV array.    C  inv     in Equation (7) is the inverter cost and    p  inv     denotes the unit price of the inverter. Equation (8) indicates the cost of distribution equipment    C  SE    , in which    p   SE , AC      is the unit cost of AC distribution cabinet. Equation (9) states the cost of energy storage system    C B    that is determined by the storage battery’s capacity, in which    p B    means the unit cost of the storage battery. Equation (10) refers to the cost of ancillary facilities    C  AF    , which is divided into three main categories.    p  AF , 1     denotes the cost of accessories which depends on PV system’s installed capacity,    p  AF , 2     denotes the cost of accessories determined by the number of users,    p  AF , 3     denotes the cost of connecting wires among the PV panels, and    N  PV   u n i t     denotes the monolithic power of the PV panels. Equation (11) refers to the cost of the PV controller, in which    p  PVC     represents the unit cost of the PV controller.




3.2. The Lower-Level Optimization Model


In the lower-level optimization model, the selling price and the installation scale of the microgrid system are considered as known parameters. Then, users need to make two decisions: (a) by comparing the net present value of electricity expenses before and after engaging in the microgrid system, users have to judge whether to join the project; (b) users choosing to participate in the microgrid system are motivated by the PV tariff to engage in demand response activities and optimize their daily electricity consumption behaviors. Additionally, the planning horizon of the PV system in the proposed implementation is a 25 year lifetime. As a result, the inner-layer optimization model can be expressed as Equations (12)–(15).


   y k  = g (  P f  ,  N  PV   ,  N B  ) =  {    1 , N P  V k  S o l a r   < N P  V k       0 , N P  V k  S o l a r   ≥ N P  V k        



(12)






  N P  V k   =   ∑  l = 1   25       C k  FC       ( 1 +  η  r a t e   )  l       



(13)






  N P  V k  S o l a r   =   ∑  l = 1   25       C k l      ( 1 +  η  r a t e   )  l      +  P f   



(14)






   C k  FC   = (   ∑  i = 1   24     D i k  ×  P  FR  i    ) * 365  



(15)







Equation (12) denotes the decision whether user k pays to participate in the microgrid system. In Equation (13),   N P  V k     is defined as the net present value of electricity consumption expenditure over the whole lifetime of the project if user k does not join in the microgrid project. At this time, all the domestic electricity demanded by user k is acquired from the public grid with an annual average electricity payment    C k  FC    . In Equation (14),   N P  V k  S o l a r     refers to the net present value of electricity consumption expenditure over 25 years after user k takes part in the microgrid project, in which the electricity consumption cost    C k l    paid at the end of each year and the current selling price of microgrid system    P f    are necessary to be calculated. Moreover,    η  r a t e     illustrates the average annual discount rate for the following 25 years. From Equation (12), it can be seen that user k will be willing to pay for the microgrid project only when   N P  V k  S o l a r   < N P  V k    . Conversely, user k will not consider paying for the microgrid project.



Since the usage of PV generation is not involved, Equation (15) directly deduces the calculation process of    C k  FC    .    D i k    refers to the electricity demand per day when user k is not involved in the microgrid program, and    P  FR  i    denotes the real-time electricity tariff from the public grid. Because it involves daily operation of the microgrid, the electricity expense paid by customer k at the end of each year    C k l    in Equation (14) needs to be derived through the integrated modelling of the following three sub-modules.



3.2.1. PV Power Generation Pricing Sub-Module


According to the daily scale of solar power generation, local PV feed-in tariffs and real-time electricity tariffs of the public grid, the community resident committee sets flexible PV tariffs for each time period of the following day to promote the utilization of solar generated power in time. Users adjust their electricity acquisition strategy and consumption behavior on the following day in response to PV tariffs, consequently shifting the usage of flexible loads to time periods with lower electricity prices. Moreover, a time interval of hours is applied in this study. Set   i = 1 , 2 , … , 24  ( h )  ; j = 1 , 2 , … , 365  (  d a y  )  .  



Since the intensity of solar radiation exhibits some variation across the day, consequent fluctuations of PV power generation in the microgrid will occur. Therefore, the principles for designing PV tariffs are as follows.



	
Principle I: PV electricity prices at any given time should be lower than the benchmark electricity prices of the local public grid (the price of household electricity    P  FR  i   ).



	
Principle II: The PV electricity tariff in any time period should be lower than the local PV feed-in tariff    p  s e l l    .



	
Principle III: The PV electricity price is lower during the time period when more solar power is generated.






Based on above principles, the mathematical description of the PV power generation pricing sub-module is as follows.


   E  i , j , l   =  P     PV     i , j , l   × Δ t = ρ ×  η  DCAC   ×   r a  d  i , j     r a  d  stc      ×  N  PV   ×   (  η ↓  )  l  × Δ t ; ∀ i , j , l  



(16)






   P  RT   i , j , l   = M a x { M i n {  p  s e l l   ,  P  FR  i  } −  η e i  × (  E  i , j , l   /  E  avg   j , l   ) , 0 }  



(17)







In Equation (16), the total amount of the microgrid’s PV power generation per unit time period    E  i , j , l     is established as a linear function of the actual solar radiation intensity   r a  d  i , j    , PV system scale    N  PV    , inverter efficiency    η  DCAC    , and deteriorating coefficient  ρ .    P     PV     i , j , l     is the overall real-time PV generated power output of the microgrid system.   Δ t   is the period step.   r a  d  i , j     represents the actual solar radiation intensity at each time in a typical meteorological year;   r a  d  stc      is the radiation intensity in each period under the standard condition.    η ↓    denotes the attenuation of the electricity generation performance of the PV module during usage. Equation (17) shows the calculation of PV tariffs within the community, in which    E  avg   j , l     is the average power generation per hour and    η e i    is the decline coefficient which represents the price reduction in electricity based on the smaller one between    p  s e l l     and    P  FR  i   .




3.2.2. Demand Response Sub-Module


This study considers two types of household loads, namely fixed loads and flexible loads. Flexible loads can be subdivided into reducible loads and shifting loads. Specifically, type A refers to fixed loads that must keep running independent of price (e.g., computers, hair dryers, refrigerators, lights, microwave ovens, TV sets); type B refers to shifting loads that are highly influenced by the electricity prices and can be adjusted for the time (e.g., rice cookers, washing machines, etc., in which the total amount of electricity used within the day remains constant); type C refers to variable loads that can be adjusted for the amount of electricity consumed during a fixed usage period, such as fans and air conditioners. The electricity demand of customers is expressed as follows.


   D  i , j , l    =   ∑  k = 1  n    D  i , j , l  k    =   ∑  k = 1  n   (  D  i , j , l   k , A     +  D  i , j , l   k , B   +  D  i , j , l   k , C   )  



(18)







In Equation (18),    D  i , j , l  k    denotes the electricity requirement in each time period of user k, which comprises the electricity requirement of various kinds of domestic loads (   D  i , j , l   k , A    ,    D  i , j , l   k , B    ,    D  i , j , l   k , C    ).    D  i , j , l      represents the overall electricity demand of the community with n customer households in each time period.



Additionally, in the demand response mechanism of this study, the usage time of household flexible loads is driven by    P  RT   i , j , l     only. The usage time of shifted loads B is moved to the time period with the lowest average PV tariff during the respective usage time. The electricity consumption of variable loads C is determined by the relationship between    P  RT   i , j , l     and the public grid tariff, which is shown as    D  i , j , l   k , C   =  D  i , j , l   k , C _ M a x   × ( α + β ×    P  FR  i  −  P  RT   i , j , l      P  FR  i    )  , in which    D  i , j , l   k , C _ M a x     refers to the electricity demand of variable loads C without the consideration of the demand response.   α + β = 1  , in which  α  and  β  denote the coefficients for adjusting the customer’s comfort and the economy of electricity consumption, respectively. Fixed loads A are not affected by the PV tariff.




3.2.3. Residential Users’ Electricity Expenditure Sub-Module


This sub-module calculates users’ annual electricity consumption expenditure based on their electricity demand, the microgrid system’s generation capacity, and the energy storage level for each time period after users participating in demand response. Since PV tariffs are kept under a lower level than the public grid tariff at any time, residential users have priority when using solar generated power. Thus, it is necessary to discuss whether the total amount of electricity generated by the microgrid system can satisfy users’ electricity demand; if not, it is vital for users to acquire electricity from the public grid. Further, the electricity produced and used by each customer’s household PV system is not independent, but coordinated and dispatched by the committee. When the total amount of PV power generation    E  i , j , l     plus battery storage level at the beginning stage    S  i , j , l     is smaller than the total demand for electricity from users    D  i , j , l     , the demand for electricity generated by PV system from customers is regulated uniformly and fairly by setting PV power usage coefficient    θ  i , j , l    .


   θ  i , j , l   =    S  i , j , l   +  E  i , j , l      D  i , j , l      × 100 %  



(19)







The community resident committee distributes all the electricity generated by the PV system to each customer equally and proportionally in accordance with    θ  i , j , l    . The formulas for calculating the daily electricity consumption expenditure of customer k, the amount of PV power usage, and the amount of electricity purchased from the public grid are as follows.


   D  i , j , l   k , s o l a r   =  {       D  i , j , l  k  ×  θ  i , j , l   ,  S  i , j , l   +  E  i , j , l   <  D  i , j , l           D  i , j , l  k  ,  S  i , j , l   +  E  i , j , l   ≥  D  i , j , l           



(20)






   D  i , j , l   k , MG   =  {       D  i , j , l  k  × ( 1 −  θ  i , j , l   ) ,  S  i , j , l   +  E  i , j , l   <  D  i , j , l          0 ,  S  i , j , l   +  E  i , j , l   ≥  D  i , j , l           



(21)







Equations (20) and (21) represent the calculation of the amount of PV power used by user k and the amount of electricity acquired from the public grid. When    S  i , j , l   +  E  i , j , l   <  D  i , j , l     , the amount of PV power allocated to customer k is    D  i , j , l  k  ×  θ  i , j , l    , which cannot cover user k’s own electricity needs. At this moment, user k needs to purchase electricity from the public grid with the electricity purchased amount    D  i , j , l   k , MG   =  D  i , j , l  k  × ( 1 −  θ  i , j , l   )  . When    S  i , j , l   +  E  i , j , l   ≥  D  i , j , l     , there is no need for users to purchase electricity from the public grid; at this point, user k’s share of PV generated power is    D  i , j , l  k   .



According to the above operational framework, the annual electricity expenditure of each customer    C l k    is expressed in the following formulas.


   P s l  =  {        ∑  j = 1   365      ∑  i = 1   24      ∑  k = 1  n    D  i , j , l   k , s o l a r   ×  P  RT   i , j , l         −  N  PV    ×  P  f i x   PV   −  N B   ×  p B  , l =  l B  , 2 *  l B  , …         ∑  j = 1   365      ∑  i = 1   24      ∑  k = 1  n    D  i , j , l   k , s o l a r   ×  P  RT   i , j , l         −  N  PV    ×  P  f i x   PV   , e l s e        



(22)






   C l k  =   ∑  j = 1   365      ∑  i = 1   24    (  D  i , j , l   k , s o l a r   ×  P  RT   i , j , l   +  D  i , j , l   k , MG   ×  P  FR  i  )     − (  P s l  / n ) , l = 1 , 2 , … , 25  



(23)







In Equation (22),    P s l    denotes the overall pool size for annual subsidies and    P  f i x   PV     represents the unit maintenance cost of the PV system. Moreover, when the time period approaches   k ×  l B  , k = 1 , 2 , 3 ...  , it means that the storage battery has reached its service life and requires replacement. In Equation (23),    C l k    equals to the sum of the PV electricity bill paid to the community resident committee (first term) and the cost of purchasing electricity from the public grid (second term), minus the dividend distributed equally by the community at the end of the year (third term). Moreover, the recursive equation of the initial energy storage level (electrical energy balance constraint) is shown as follows.


   S  i , j , l   = min  {    max {  S  i − 1 , j , l   +  E  i − 1 , j , l   −  D  i − 1 , j , l    , 0 } ,  N B    }     



(24)










4. Numerical Analysis


For the sake of maximizing the developer’s profit, all of the case studies listed in Section 4 were implemented in Visual Studio Community 2019 software to conduct computational simulations. Table 1 shows the key parameter settings with corresponding data sources used in numerical experiments, whilst the rest of the parameters and market prices of the microgrid system’s components are displayed in Appendix A. Specifically, to ensure an adequate capacity of the PV system for each household, the residential community adopted in this paper is designed as a type of row house with low floors and few households, based on the average size of residential communities in Shanghai. Therefore, the number of users in a newly built residential community is set to 200, in which each household represents one unit of residential users. Further, Figure 3 shows the level of daily radiation in the Shanghai area, and the data for this graph were derived from the US National Renewable Energy Laboratory database and the US National Solar Radiation Database.



4.1. Scenario I—Residential Community in Shanghai


The first scenario uses a new residential community in Shanghai to analyze the application of the business mode and operation mechanism established in Section 3.



The optimal solution is obtained within the setting interval of decision variables, and the results are given in Table 2. The optimal selling price of the microgrid system is CNY 12,088.59 per household, and developer’s overall profit under this selling price reaches CNY 1,080,000 with a profit margin of 44.67%. The optimal installed scale of the PV system and the battery capacity for each household are 1.4 kWp and 216.67 Ah on average, respectively (the battery output voltage in this paper is set to 12V, thus, 216.67 Ah × 12 V/1000 = 2.6 kWh). The average benefit to the user is CNY 4552.33 (user’s benefit =   N P  V k  S o l a r   − N P  V k    , which refers to the net present value of electricity expenses that can be saved), and the average user return ratio (average user’s benefit/single household selling price of the microgrid system) approaches 37.66%.



In this paper, the variability among households is expressed by setting random numbers for the power-saving coefficient and family members. Therefore, the benefits of participation in the microgrid project may differ for distinct user groups. In Table 3, it is apparent that customers with more family members and higher electricity demand gain more benefits from joining the microgrid project. Similar findings are also reflected in Table 4. These findings can be mainly attributed to the pricing principles; the internal community PV tariffs were set to stay lower than the public grid tariff at all times. Although this paper has already enhanced fairness by setting PV usage factors to equally divide users’ demand for PV-generated electricity and by restricting the occurrence of excessively low PV tariffs, the situation still remains that the more customers use PV, the more they benefit.




4.2. Scenario II—Residential Community in Shanghai with PV Subsidies in Consideration


The second scenario considers a residential microgrid project that receives PV subsidies. Meanwhile, this case study maintains the rest factors and mechanisms consistent with Section 4.1. The subsidy for residential PV power used in scenario ΙΙ originates from the local subsidy policy in Shanghai. For each kWh of PV power produced by user, the community is considered as an entire entity to receive the PV subsidy of CNY 0.4/kWh [49], then it is equally distributed to each user. In other words, in order to raise the utilization rate of solar-generated electricity, this paper calculates the subsidy from the perspective of electricity usage rather than the perspective of generation.



The optimal solutions obtained from data experiment are as follows. The optimal selling price of the microgrid system is CNY 17,280.10 per household, and the overall profit of developer at this selling price reaches CNY 1760,000 with a profit margin of 50.90%. The optimal installed scale of the PV system and battery capacity for each household are 1.8 kWp and 316.67 Ah, respectively. The average benefit of user is CNY 5052.16, and the average user return ratio is 29.24%. Table 5 compares the numerical experimental results of this scenario with those of Section 4.1. In contrast to Section 4.1, the optimal values of almost all the listed indexes in this case are significantly improved except the average user return ratio, which exhibits a lower level. The decline in user’s yield originates from the fact that   N P  V k     stays constant, while   N P  V k  S o l a r     shows a sharp increase with the raise in selling price of the microgrid system. Apparently, the developer acting as the master in master–slave gambling gains the majority of the PV subsidy benefit, whereas residential users receive less benefit from the subsidy.




4.3. Scenario III—Independent Operation of Each User


The third scenario considers that users’ microgrid systems are no longer centrally operated, but rather are small, independent, household-distributed self-generation entities for each resident. Thus, there is no game relationship among residents. In this scenario, the community resident committee continues to formulate PV tariffs and to use price incentives to engage users in the demand response. After joining in the microgrid project, each user consumes his own PV-generated electricity without sending the surplus electricity online, and then pays an annual fee to maintain the microgrid. At this point, the committee no longer separates PV electricity fairly, and users no longer pay PV electricity bills to the community resident committee. Thus, the internal PV tariffs only work as a price signal to induce users’ electricity consumption in the demand response activities.



The results in this scenario are as follows. The optimal selling price of microgrid system is CNY 10,171.84 per household, and the overall profit of developer at this selling price reaches CNY 1,000,000 with a profit margin of 49.16%. The optimal installed scale of the PV system and the battery capacity for each household are 1.0 kWp and 166.67 Ah, respectively. Moreover, the average benefit of user is CNY 3940.98, and the average user return ratio is 38.74%.



The comparison of the results in scenario ΙΙΙ with those in Section 4.1 is shown in Table 6. It is noticeable that microgrid’s installed scale in the independent operation mechanism of each user is reduced compared to the centralized management mechanism in Section 4.1, and the optimal selling price of microgrid system, developer’s profit, and users’ revenue also decline dramatically. The main reason is the solar power generated by PV system cannot be shared among different users, making the demand for the size of PV power system smaller for users with fewer family members and less electricity consumption.




4.4. Scenario IV—Residential Community in Different Regions


Because of the considerable variance in PV policies and the electricity consumption mechanisms among different regions, only the impact of differences in solar radiation intensity is analyzed. The rest of parameter settings are kept consistent with Section 4.1. Apart from the selected region in Section 4.1, eight cities with relatively diverse and typical solar radiation are adopted in this scenario (displayed in Figure 4). They are Lhasa, Jiayuguan, Datong, Urumqi, Beijing, Guangzhou, Shenyang, and Chengdu. In particular, Lhasa has the highest intensity of solar radiation in China. Guangzhou area suffers from the comparatively less difference in solar radiation intensity across the four seasons. As shown in Figure 4, Chengdu is located in the Sichuan basin and has more rain, more fog, fewer sunny days and poorer solar radiation. Jiayuguan, Datong, and Urumqi have relatively excellent light conditions. Beijing and Shenyang are located in Northern China, where light levels peak earlier in the year (May).



Table 7 demonstrates the experimental results of listed cities in this scenario. The main reason for the weak performance of Chengdu is poor solar radiation, leading to the lowest values of indicators on the developer’s side. Datong and Jiayuguan are suffering in terms of light from the influence of larger PV system’s installed scale, which causes the total profit and profit margin of the developer to be smaller than those of Shanghai region. Furthermore, the corresponding values of average user’s revenue in the above cities (except for the regions in higher latitudes or in Sichuan basin) is maintained at a relatively constant level.



According to Figure 5, the relatively prominent lighting resource in Lhasa area results in the highest selling price of the microgrid system among the listed cities, whilst Lhasa shares first place in terms of total developer’s profit with Urumqi. Remarkably, it can be indicated by Figure 6 that the optimal installed scale of the PV system in the mentioned cities remains stable in the range of 1.2 kWp to 1.6 kWp on average under the current market prices. Additionally, Figure 6 shows the Lhasa area also occupies the largest installed scale of both the PV system (reaches 1.6 kWp/per household) and the storage battery (reaches 266.67 Ah/per household). Conversely, the results of data experiments in Beijing and Shenyang demonstrate that the business mode proposed in this paper encounters more obvious obstacles in northern areas with higher latitudes, because both cities’ average revenue per user are ranked at the bottom of the list due to their smaller installed scale of PV system and battery capacity. As a result, it can be seen that the selling price of the microgrid system, total profit, and profit margin of the developer are highly influenced by the variance of solar radiation intensity through Figure 5 and Figure 7. Particularly, owing to the larger installed PV system and the higher construction costs for the microgrid project, areas with better solar radiation conditions have suffered a decline in total profits and profit margins of the developer compared to the areas with smaller construction scales, such as Shanghai.




4.5. Scenario V—Comparison between Two Common Patterns


The business mode mentioned in previous sections belongs to the build-sell pattern, for which the developer builds the microgrid system and then sells for profit. The initial cost for each user is the selling price of a single microgrid system, then the daily costs of maintaining microgrid system paid by the community resident committee ought to be shared afterwards. This section further explores the build-hold pattern in which the developer holds the system instead of selling it. Then, developer realizes revenue through selling solar generated electricity to residential users, and shoulders the maintenance expense during the system’s operation. Therefore, in the integrated modeling for the build-hold pattern, it is necessary to implement the setting of the PV tariff as part of the developer’s decision variables. Meanwhile, the PV generation pricing sub-module and the residential users’ electricity expenditure sub-module are used as part of developer’s decision model, and the two-way correlation between developer and users is accomplished through the demand response sub-module.



In light of the developer’s side, the whole structure of the microgrid system and the derivation formulas of each cost (   C  T o t a l    ) in build-hold pattern remain basically the same as those in build-sell pattern. However, rather than recovering the cost in a lump sum by selling the system, the developer operates the microgrid system and earns revenue annually by selling solar-generated electricity to residential users, and covers the system maintenance costs as the operator of the microgrid system afterwards. On the long-term strategic level, the developer needs to make decisions about the installed scale of the PV system    N  PV     and the capacity of storage battery    N B   . On the daily operational level, the developer has to set flexible real-time PV tariffs (equal to the set price reduction coefficient    η e i   ) which are below the local public grid tariffs so as to successfully sell solar-generated electricity to users. At this point, the annual revenue value of developer can be derived through calculating PV tariffs, total sold amount of solar electricity, and annual maintenance cost. Precisely, the value of electricity sold in each time period hinges on user’s demand response, which needs to be fed back by solving the lower-level optimization model. Furthermore, in the operation of the microgrid, relationships between PV efficiency and battery storage levels in the build-hold pattern are still expressed in the same way as in the build-sell pattern.



As for the user’s side, residential users are not required to pay a lump fee for the facilities in the initial period or to share in the system’s later maintenance costs, but only need to adjust their own electricity consumption behavior according to the published real-time PV tariffs, and shift their flexible loads to time periods with low PV tariffs. As a result, each user will benefit from the existence of the microgrid system. Hence, it is not necessary to establish a model to calculate the net present value of electricity consumption expenses under different situations, but only to figure out the relationship among PV generation scale, battery storage level, and electricity purchased by each user at each time period under the joint effects of multiple residential users.



The results of the data experiment are shown in Table 8, in which a new residential community in the Shanghai area is simulated for commercial application in a build-hold pattern. When    η e i  = 0  , namely the internal PV tariffs are set to equal the external public grid’s time-of-use tariffs, developers can maximize their profits by scheduling the appropriate installed scale of the microgrid project. Furthermore, it can be observed that all the indexes of the specific configuration of the microgrid project in the build-hold pattern are noticeably lower than those in the build-sell pattern, including developer’s profit, developer’s profit margin, and the optimal installed scale of the PV system and battery capacity for each household. Apparently, it can be proved through this scenario that under current market prices, the developer’s revenue derived from the build-hold pattern is far less than that of the build-sell pattern. This means developers have to devote more time to waiting for the return of funds. The downfall of the build-hold pattern can be attributed to the fact that developer’s discounted profit obtained annually in build-hold pattern is far less than the relatively large amount of developer’s profit obtained by selling microgrid systems at the initial stage of the build-sell pattern. Furthermore, due to the master–slave game model employed in build-sell pattern, the developer acquires the majority of profits in the game structure under the premise of no loss to residential users, which is not available to the developer in build-hold pattern.





5. Discussions


The two-level mathematical model based on the master–slave game is presented clearly in Section 3, which is from the viewpoint of theoretical study and thus useful for all system developers in different locations. Furthermore, in order to validate this business mode and provide managerial insights for real applications, we also conducted a lot of numerical experiments using the solar radiation data from different regions to investigate the interest relationship between both sides of the game. Based on the analysis in Section 4, we find that the current development of household-distributed PV power systems in the community faces the following problems.



	(1)

	
Under the current market data, including the price of solar power components and the electricity price of residents drawing from the main grid, the business mode is only applicable in some cities with a good amount of sunshine. Shanghai is a representative city with large number of communities, advanced perception of sustainable development, and good sunshine in China. Therefore, it is easier to promote this mode in Shanghai.




	(2)

	
Under the market dominated by the system developer, the PV subsidy supported by government cannot easily reach its expected result. Accordingly, the government should introduce a series of related policies along with the subsidy policy, and strive to change the game structure of both sides in the market so as to enable the residents to truly benefit from the subsidy.




	(3)

	
Although the government prefers to execute the build-hold pattern to avoid disputes after the transaction, the system developer is less motivated for this pattern due to the low return on investment. Most Chinese developers currently favor accelerated development cycles, in which higher turnover models are more popular and capital chains are less vulnerable to breakage. Therefore, more pointed policies need to be made in order to promote the build-hold pattern.




	(4)

	
As for the operations management method of the microgrid system, it can be found that the benefit of centralized management is much better than that of independent management. It should be noticed that the advocated centralized management brings a lot of pressure to the community resident committee, who must monitor the whole system and manage the joint account of all residents.




	(5)

	
For residents, households with higher electricity demand gain more benefit through participating in the microgrid system. This phenomenon is inevitable although the fairness has already been considered in the model. Nonetheless, in the developer-dominated microgrid project, the majority of the benefits from installing the microgrid are gained by the developer instead of the residential users.








6. Conclusions


This study proposes a business mode of solar power generation/storage microgrid system for community developers and residential users. We establish a two-layer mathematical model based on the master–slave game and construct a complete microgrid operation framework after the transaction between developers and residential users. In the upper-level model, the developer decides the service selling price and scale of the microgrid system, and seeks to maximize the profit of building the microgrid. In the lower-level optimization model, residential users decide whether to engage in the microgrid system by comparing the electricity cost changes before and after participation, and optimize their own electricity consumption behaviors according to the PV tariffs. The business mode of residential microgrids in this paper is universal and can be used to analyze the impact of various government regulation means on the commercialization of microgrid systems, which provides a theoretical basis for predicting the commercial development direction of microgrid systems in communities.



Through model solving and numerical experiments, it is found that only developers in areas with better sunshine in China can obtain better returns by optimizing the selling price and the scale setting of the microgrid system based on existing market data. The key factors affecting the performance of this business mode are analyzed, such as the government’s subsidy, the community’s location, and the microgrid’s management method. It is indisputable that community microgrids will be installed in more and more locations since the prices of solar power components are becoming lower with the development of techniques. Given China’s massive population and extremely promising market potential, the solar-powered microgrid business mode in this study could contribute to changing China’s energy mix as well as reducing carbon emissions worldwide.



There are two directions that can be expanded in the future based on the research in this paper. One is to investigate the overall optimal decision and the stakeholder analysis of the scenario that considers the cooperative game between developers and community residents under the domination of government departments; secondly, on the basis of the solar power generation/storage microgrid system designed in this study, the intelligent maintenance strategy balancing the economy and system reliability can be further investigated in combination with the opportunity maintenance strategy.
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Table A1. Parameter settings and data sources for the numerical experiment.






Table A1. Parameter settings and data sources for the numerical experiment.





	Parameter List
	Parameter Definition
	Value
	Data Source





	   r a  d  i , j     
	Sunlight intensity for

each hour of the year
	/
	NREL (National Renewable Energy Lab)



	   r a  d  stc      
	Sunlight intensity under

standard conditions
	1 kW/m2
	Report from China Photovoltaic Industry Association [35]



	    N  P V   a v g   (  N  PV   / n )   
	Enumeration range of the installed scale of PV system per household
	0–4 kWp
	http://www.meonsolar.com/

(accessed on 1 December 2021)



	    n  u n i t     
	Average household population in Shanghai area
	2.32 persons/household
	Shanghai Seventh National Population Census Main Data Bulletin



	    E  y e a r   u n i t     
	Average annual electricity consumption per resident
	1214.655

kWh/person
	Statistical Bulletin of National Economic and Social Development of Shanghai in 2020
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Table A2. Parameters of main components in the community optical storage microgrid.






Table A2. Parameters of main components in the community optical storage microgrid.





	Components
	Type
	Specification
	Price





	Inverter
	PSN-4000W
	4 kW
	CNY 590/unit 1



	AC distribution cabinet
	PZ30-12
	/
	CNY 127/unit



	Storage batteries
	Lead-acid colloid
	200 Ah
	CNY 1099/unit



	PV array
	Mono-crystalline silicon
	200 W/unit
	CNY 425/unit



	PV mount
	Aluminum alloy
	Withstand two pieces of

50–200 W electric plate
	CNY 328/unit



	PV controller
	12V/24V
	12V60A
	CNY 349/unit







1 The prices are obtained from online commercial website (Jd.com (accessed on 11 December 2021)).
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Table A3. Parameters of PV accessories in the community optical storage microgrid.






Table A3. Parameters of PV accessories in the community optical storage microgrid.





	Accessories
	Specification
	Price





	4P red & black 5 m line
	5 m/stem
	CNY 78/stem



	Y-type 3-way connection cable
	MC4
	CNY 32/stem



	Battery connection cable
	0.4 m/stem
	CNY 32/stem



	Controller connection cable
	1.5 m/stem
	CNY 39/stem
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Figure 1. (a) Example of a general low carbon community in the Shanghai area; (b) The overall structure of the distributed solar power generated system applied in the community. 
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Figure 2. Architecture of solar power generation/storage microgrid system. 
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Figure 3. Monthly Average Solar Horizontal Irradiance of Shanghai Area. 
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Figure 4. Map of specific distribution of mentioned cities in China. 
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Figure 5. Developer’s profit vs. Selling price of microgrid system for each region. 
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Figure 6. Installed scale of microgrid system per household for each region. 
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Figure 7. Developer profit margin vs average user return ratio for each region. 
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Table 1. Numerical experimental parameter settings and data sources.






Table 1. Numerical experimental parameter settings and data sources.





	Parameter List
	Parameter Definition
	Value
	Data Source





	  n  
	Total number of users purchasing the house
	200 households
	/



	    P  f i x   PV     
	PV system unit O&M cost
	0.054 CNY/W/year
	Report from China Photovoltaic Industry Association [38]



	    p B    
	Unit price of battery
	457.92 CNY/kWh
	Report from China Photovoltaic Industry Association [39]



	    p  AF , 1     
	PV accessories determined by the PV system size
	2.945 CNY/W
	Calculated from component prices



	    p  AF , 2     
	PV accessories determined by user number
	1183 CNY/family
	Calculated from component prices



	    p  AF , 3     
	Cost of connecting wires between solar panels
	32 CNY/bar
	Reference component prices



	    N  PV   u n i t     
	Power of each solar electric panel
	200 w/piece
	Online Business Data [40]



	    l B    
	Life span of colloidal battery
	8 year
	Online Business Data [41]



	    p  s e l l     
	PV power generation guide feed-in tariff
	0.4146 CNY/kWh
	Related National Policies [42]



	    P  FR  i    
	Peak hour tariffs for the public grid
	0.617 CNY/kWh
	Residential electricity tariff in Shanghai [43]



	    P  FR  i    
	Valley hour tariffs for the public grid
	0.307 CNY/kWh
	Residential electricity tariff in Shanghai [43]



	    η ↓    
	Attenuation coefficient of PV module power generation
	0.85%
	The Current Literature [44]



	  ρ  
	PV Derating Factor
	0.9
	Related Design Manuals [45]



	    η  DCAC     
	Inverter efficiency
	90%
	Online Business Data [46]



	    η  r a t e     
	Average annual discount rate for the next 25 years
	0.05
	Refer to current Bank of China discount rate



	    D  i , j , l   k , B   ,  D  i , j , l   k , C   ,  D  i , j , l   k , A     
	Average daily electricity consumption per user for various loads
	/
	Online social survey [47] & Shanghai Statistical Yearbook 2020 [48]
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Table 2. Optimal configuration of the microgrid system.
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	Specific Configuration
	Numerical Value





	Price of the microgrid system (CNY/household)
	12,088.59



	Developer’s profit (CNY)
	1,080,000



	Developer profit margin
	44.67%



	PV system scale (kWp) 1
	1.4



	Battery installation scale (Ah)
	216.67



	Average revenue per user (CNY)
	4552.33



	Average user return ratio
	37.66%







1 kWp represents the peak power of solar photovoltaic panel.
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Table 3. Differences between user groups with different number of family members.
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	User Types
	Average Revenue of the User (CNY)
	Average User Yield





	User group with 2 family members
	1245.86
	10.31%



	User group with 3 family members
	4781.07
	39.55%



	User group with 4 family members
	7676.68
	63.50%
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Table 4. Differences between user groups with different power saving factor.






Table 4. Differences between user groups with different power saving factor.





	User Types
	Average Revenue

of the User (CNY)
	Average User Yield





	User groups with a power saving factor between 0.8 and 0.9
	3592.16
	29.72%



	User groups with a power saving factor between 0.9 and 1.0
	3916.00
	32.39%



	User groups with a power saving factor between 1.0 and 1.1
	4948.32
	40.93%



	User groups with a power saving factor between 1.1 and 1.2
	6303.41
	52.14%
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Table 5. Experimental comparison of data in subsidized and non-subsidized situations.
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	Specific Configuration
	Experimental Results with

Subsidized Scenarios
	Experimental Results without

Subsidized Scenarios





	Price of microgrid system (CNY/household)
	17,280.10
	12,088.59



	Developer’s profit (CNY)
	1,760,000
	1,080,000



	Developer profit margin
	50.90%
	44.67%



	PV system scale (kWp)
	1.8
	1.4



	Battery installation scale (Ah)
	316.67
	216.67



	Average revenue per user (CNY)
	5052.16
	4552.33



	Average user return ratio
	29.24%
	37.66%
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Table 6. Comparative analysis of independent operation and centralized management.
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	Specific Configuration
	Experimental Results with

Subsidized Scenarios
	Experimental Results without

Subsidized Scenarios





	Price of microgrid system (CNY/household)
	10,171.84
	12,088.59



	Developer’s profit (CNY)
	1,000,000
	1,080,000



	Developer profit margin
	49.16%
	44.67%



	PV system scale (kWp)
	1.0
	1.4



	Battery installation scale (Ah)
	166.67
	216.67



	Average revenue per user (CNY)
	3940.98
	4552.33



	Average user return ratio
	38.74%
	37.66%
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Table 7. Analysis of business mode applications in various geographic regions.
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	Specific Configuration
	Price of System (CNY/Household)
	Developer Profit (CNY)
	Developer Profit Margin
	PV System Scale

(kWp)
	Battery Installation Scale (Ah)
	Average Revenue per User (CNY)
	Average User Return Ratio





	Beijing
	9334.92
	800,000
	42.85%
	1.2
	83.33
	3889.27
	41.66%



	Guangzhou
	11,797.01
	1,040,000
	44.08%
	1.4
	200.00
	4552.72
	38.59%



	Urumqi
	12,197.01
	1,120,000
	45.91%
	1.4
	200.00
	4593.82
	37.66%



	Datong
	11,818.01
	920,000
	38.92%
	1.6
	200.00
	4681.93
	39.62%



	Shanghai
	12,088.59
	1,080,000
	44.67%
	1.4
	216.67
	4552.33
	37.66%



	Lhasa
	13,184.34
	1,120,000
	42.47%
	1.6
	266.67
	4801.54
	36.42%



	Jiayuguan
	11,818.01
	960,000
	40.62%
	1.6
	200.00
	4711.11
	39.86%



	Shenyang
	9334.92
	800,000
	42.85%
	1.2
	83.33
	3872.35
	41.48%



	Chengdu
	8847.50
	560,000
	31.65%
	1.4
	100.00
	3872.35
	43.77%
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Table 8. Comparative analysis of different operation patterns.
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	Specific Configuration
	Build-Hold Pattern
	Build-Sell Pattern





	Developer’s profit (CNY)
	200,299.80
	1,080,000



	Developer profit margin
	25.03%
	44.67%



	PV system scale (kWp)
	0.8
	1.4



	Battery installation scale (Ah)
	66.67
	216.67



	    η e i    
	0.00
	0.01
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