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In order to cope with global climate change, an electric vehicle (EV) and new energy building are constantly being innovated and improved. With the popularity and application of big data and Internet of Things, the new energy building with available charging piles may also become a charging station, which can solve the problem of difficult charging of EVs and promote the local energy consumption of the building. Therefore, this study proposes a shared charging concept for buildings, that is, shared photovoltaic, charging, and energy storage building (sPCEB). First, based on the analysis results of big data in cities or settlements of people, a locating method of the sPCEB system is introduced, and further proposes an optimal operating strategy that maximizes the combined benefit of the building. The efficiency and effectiveness of the proposed methods are verified by simulation.
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1 INTRODUCTION
On 12 December 2015, nearly 200 parties of the United Nations Framework Convention on Climate Change reached the Paris Agreement at the 21st United Nations Climate Change Conference. This is the second legally binding climate agreement after the Kyoto Protocol, setting out arrangements for global action to address climate change after 2020. According to the US Environmental Protection Agency, buildings are one of several major sources of global greenhouse gas emissions.
In 2020, China proposed a major strategy to achieve “peak carbon dioxide emissions” by 2030 and “carbon neutrality” by 2060, and the key to carbon reduction lies in replacing the massive use of non-renewable fossil fuels with electrification of production and living. Actually, buildings should also move from being energy consumers to being contributors that support large-scale clean energy access, and integrating energy use, capacity, and storage into one (Feng et al., 2019; Huanan and Quande, 2019; Heinstein et al., 2013). Therefore, the concept of a new energy building is created, which is realized through the following ways: first, the way of building electricity consumption is changed to “supply-oriented, demand responsive”, that is, the electrical device flexibly adjusts the use time according to the actual photovoltaic (PV) power generation status and consumes the power in time when the power capacity is sufficient or suspends/reduces the power consumption; second, the internal storage system is developed to cover the shortage of electricity dynamically; third, the storage and consumption capacity of the electric vehicle is dynamically used to flexibly meet the building power demand (Igor et al., 2012; Kapsalaki et al., 2012).
At present, the percentage of electric vehicles (EVs) in the global automotive market is further expanding, but the charging problem becomes an obstacle to increasing the penetration of EV. With the popularization and application of big data and Internet of Things, the new energy building system may also become a charging station, which is an effective way to solve the charging problem. Therefore, this study proposes a concept of shared photovoltaic, charging, and energy storage building (sPCEB), that is, the sPCEB system uses the analysis results of big data to provide short-term charging services for public EV users by the surplus PV power or storage energy on the basis of satisfying its own electricity consumption.
In order to successfully implement the shared charging service in a building system, it is necessary to solve the location problem of the sPCEB system at first. A proper location can provide favorable prerequisites for the effective operation of the sPCEB system. Then, the optimal operation of the shared charging strategy should be further combined with the energy use of the sPCEB system itself. Therefore, this article first proposes a sPCEB system locating method based on an improved analytic hierarchy process (AHP), on the basis of determining the location, an optimal operation of the sPCEB system is further proposed, which can maximize the combined benefits of society, environment, the building, and the EV users.
2 SHARED OPERATION MODE OF SHARED PHOTOVOLTAIC, CHARGING, AND ENERGY STORAGE BUILDING SYSTEM
Figures 1 shows the schematic diagram of sPCEB system operation. The main connection line is the power busbar, the PV modules, energy storage system, and loads in the building are connected together in the building microgrid, and the communication between the modules is connected by applying the communication busbar. The energy generated from the PV module is first consumed in the building itself, and then the sPCEB system is connected to the external power grid based on signals from the flexible control system. Unlike ordinary buildings, the sPCEB system needs to selectively provide charging services to public EV users at specific time on the basis of its current power supply and consumption. The public EV users are required to pay for the charging service according to payment rules, which is also one of the revenue sources of the sPCEB system.
[image: Figure 1]FIGURE 1 | Schematic diagram and operation of an sPCEB system.
3 LOCATING METHOD FOR SHARED PHOTOVOLTAIC, CHARGING, AND ENERGY STORAGE BUILDING SYSTEM
As mentioned earlier, the sPCEB system has two functions: providing daily energy for the building and providing shared EV charging service. Therefore, it is not only necessary to select the location of the building according to the general planning of the region but also to establish a locating model based on the spatial distribution of the EV users’ charging demand in the region. The locating method in this article requires a thorough consideration of multiple aspects from the perspective of both the EV charging station and the building.
3.1 Indexes as electric vehicle charging station
3.1.1 Traffic flow
On the one hand, the traffic flow reflects the development, on the other hand, the charging demand becomes higher when the EV penetration rate is higher (Bheema and June, 2017; Michael et al., 2021; Sayali et al., 2021). The traffic data in the analyzed region should be collected, and some typical days are selected as the samples. The data mainly include the traffic flow of EVs and traditional petrol vehicles, represented as M and N, respectively. The index of traffic flow is defined as:
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where ω1 and ω2 are the weights of M and N, respectively.
3.1.2 Public transport accessibility
The concept of accessibility was first introduced by Hansen, an American scholar (Hansen, 1959). It indicates the opportunities for the transportation network to interact with each other and is mainly used in the study of urban land use (Muhammad et al., 2018; Albacete et al., 2017). It is necessary to consider how convenient it is for public EV users to reach the sPCEB system once charging is complete.
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The distance y for public transport accessibility is defined as shown in Eq. 2. d is the straight-line distance (Euclidean distance) from the location to the nearest traffic node and D is the average walking distance based on the type of traffic node. The average walking distance to the bus station is defined as 150 m and the average walking distance to the subway station is 450 m (Olszewski and Wibowo, 2005). Different weights ω are given to bus stations and subway stations respectively, and the maximum value of each public transport accessibility is multiplied by the corresponding weight as the final value, as shown in Eq. 3.
3.1.3 Population density
Population density distribution reflects the dynamics of economic activity and is therefore an important determinant in sPCEB system’s location selection. Larger population density represents larger passenger flow and better advertising effect. The population density γ is calculated as:
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where p is the number of people in the analyzed region and q is the area of the region, usually expressed in square kilometers.
3.2 Indexes as building
The types of building are classified as residential buildings, public buildings, industrial buildings, and agricultural buildings. The industrial and agricultural buildings are generally far away from the busy area, and the demand for EV charging is comparably low, so the main building types are residential buildings and public buildings in this article. The indexes of locating residential buildings include traffic flow, public transport accessibility, regional population density, green space accessibility, and housing price. For locating public buildings, green space accessibility is not a key factor, but the building attractiveness needs to be considered.
3.2.1 Green space accessibility
Green space has become an important place for urban residents to interact and organize various activities; it plays an irreplaceable role during the development of the human living environment. The green coverage has become an important factor for discussing the ecological livability of a region, and the green space accessibility is also an important element in the locating method (Schirmer et al., 2014). Green space accessibility needs to consider the distance from the location to the green space and the area of the green space; therefore, the green space accessibility index Pi is defined as:
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The distance from the location to the nearest green space is fi, and the area of the nearest green space from the location is gi. PPi is the normalized value of the distance to the nearest green space, and PAi is the normalized value of the area of the green space.
3.2.2 Housing price
High economic growth is often closely related to the increase in housing price; housing price also reflects the degree of economic development of the analyzed region. Housing price can be obtained by collecting published data using web crawler.
3.2.3 Building attractiveness
The Huff model is one of the most commonly used models in building locating; it explains the attractiveness of public buildings to users and various resistance factors for users to make decisions (Huff, 1964). Based on the Huff model, the attractiveness of building j to point i is defined as:
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where Uij is the attractiveness to users, Sj is the area of building j, and dij is the traffic cost parameter that reflects the users go from the activity point i to the building j. α and λ are sensitive parameters for Sj and dij, respectively. The value of α is 0.82 and the value of λ is -1.16 (Yandong et al., 2018).
3.2.4 Construction cost
In the engineering project, the construction and installation cost of public buildings mainly includes the installation works, outdoor, and supporting works. The main building installation work mainly includes civil engineering, water supply and drainage engineering, and electric engineering. The overall construction cost is calculated based on the construction area and is proportional to the area. Therefore, in the locating of public buildings, this article uses the floor area of public buildings to express the construction cost.
3.3 Improved analytic hierarchy process for locating shared photovoltaic, charging, and energy storage building system
Based on the process of the aforementioned data, each sPCEB system corresponds to multiple indexes. How to deal with these indexes requires further analysis and judgment. AHP is a hierarchical analysis method that combines qualitative and quantitative approaches (Muhammad 2014). The basic steps of AHP are divided into four main steps: first, the recursive hierarchy model is established; second, the judgment matrix is constructed; third, consistency test; and at last, all the options are compared and decisions are made.
In fact, the most important step of AHP is the construction of the judgment matrix; however, the traditional method has some inherent drawbacks. If there are too many elements, the statistics are large, the judgment matrix is hard to pass the consistency test, and repeatedly modifying the judgment matrix may be contrary to the original intention of the decision. Therefore, this section proposes some improvements for the traditional AHP.
3.3.1 The construction of judgment matrix in criteria
If there are n different elements in criteria, n (n-1)/2 comparisons are required to judge the order of importance of multiple elements by using the traditional AHP. The steps of comparison will be very tedious if there are too many elements. In addition, it may also cause illogical results.
A method for constructing the judgment matrix of the criterion level based on the importance ranking is proposed. Three importance indicators of adjacent elements are defined as: strong importance, moderate importance, and equal importance. Importance indicators of non-adjacent elements can be obtained by superimposing the importance of adjacent elements. The scales of importance indicators of adjacent elements are defined as 3, 2, and 1, respectively. The improved scales are shown in Table 1.
TABLE 1 | Improved scales in criteria.
[image: Table 1]3.3.2 The construction of judgment matrix in alternatives
Each alternative has specific values, the order of importance should be judged objectively based on the specific values. Therefore, the construction method of the judgment matrix of the alternatives based on quantitative data is further proposed. First, the data need to be normalized to range 1–10, and the scales of alternatives δ are defined as the differences between two elements. According to the definition of the scales of alternatives in Table 2, the judgment matrix in alternatives can be constructed.
TABLE 2 | Improved scales in alternatives.
[image: Table 2]According to the aforementioned improvements, the optimal location can be directly selected by applying the AHP with simply giving an order of importance to the elements in alternatives and criteria.
4 OPTIMIZED OPERATION STRATEGY OF SHARED PHOTOVOLTAIC, CHARGING, AND ENERGY STORAGE BUILDING SYSTEM WITH SHARED CHARGING SERVICE
After determining the location of the building, a strategy for optimizing the operation of the sPCEB system with shared charging services is further proposed. The optimization objective is to maximize the combined benefits created by the building, and the main constraint is that the building’s annual purchase of non-renewable energy from the power grid cannot be greater than the amount of the electricity sold to the power grid in the context of market-based electricity trading. Based on the floor area of the building, the area where PV modules can be installed, and the different photoelectric conversion efficiencies of the roof/wall, the required PV capacity, energy storage device capacity, charging and discharging power of energy storage system, and the purchased and sold electricity to the power grid are solved. It belongs to the field of mixed-integer linear programming (MILP), thus an optimization model is needed (Danhong et al., 2021; Qiwei et al., 2021).
4.1 Objective function
As a low-carbon and energy-efficient building system, the optimization objective of the sPCEB system is defined as the maximization of the combined benefits that the building brings to the overall society, that is, the difference between the incremental benefit S and the incremental cost C.
4.1.1 Incremental benefit S
Incremental benefits include three elements: incremental economic benefits Sec, incremental environmental benefits Sen, and incremental social benefits Sso. Incremental economic benefits Sec are defined as economic benefits Sec1 obtained by owners from the sPCEB system and economic benefits Sec2 gained by shared charging services.
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where Qpv is the annual power generation capacity of the building through its PV modules. Ppv is the power generated by the PV modules, λ1 and λ2 are the power generation coefficients of the top surface and sunny side of the building, respectively, Gst is the reference value of solar irradiance, and H is the actual value. Ipur is the saved electricity cost, s1 is the area of PV modules installed on the top surface, and s2 is the area of PV modules installed on the sunny side. n is the number of hours in a year. Qshare is the amount of charging power provided to public EV users, and Ishare is the revenue from charging.
4.1.2 Incremental cost C
The incremental cost mainly include the device cost Cpv, Cstore, the electricity cost/revenue Cgrid, and the operation and maintenance cost Cop.
[image: image]
[image: image]
[image: image]
[image: image]
where Cpv is the total cost of PV modules, and Ipv is the cost of PV modules per square meter. Cstore is the cost of energy storage system. CAstore is the capacity of the energy storage, and Istore is the unit cost. Pbuy is the electricity purchased from the grid, Psell is the electricity sold to the grid, and Cbuy and Csell are the purchase and sale prices of electricity, respectively. a and b are the operation and maintenance costs per unit of the PV module and energy storage system.
4.2 Constraints
4.2.1 Energy storage system
Considering that the scenario of this article is the energy storage system for buildings, the current form of energy storage applied in buildings is still mainly battery energy storage, such as lithium battery energy storage. At present, the charging/discharging power of household energy storage is about 5–20 kW (Sonnen Home Energy Storage, 2022; Tesla Powerwall, 2022). The state of charge SOCt of the energy storage system at moment t is determined by the state of charge at the previous moment SOCt-1 and the charge/discharge power. It is also controlled by the upper and lower limits of its own maximum charge/discharge power, as shown in formula Eqs 17–19.
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where Δt is the time interval, [image: image] is the charging power at t-1, [image: image] is the discharging power at moment t-1, and [image: image] and [image: image] is the charging/discharging efficiency of the energy storage system. [image: image] and [image: image] are the maximum charge/discharge power of the energy storage system, respectively. u is the charge/discharge state, where 1 represents charging and 0 represents discharging. k is a large constant and is used as an auxiliary constraint. Estore is the actual capacity of the sPCEB system, and Estore,cal is the calculated capacity. ε is the protection coefficient to avoid over discharging of the storage system; in this article, the protection coefficient is taken as 0.8.
4.2.2 Shared charging service fees
Public EV users need to pay charging service fees Mcharge for charging at public charging facilities. The sPCEB system can settle specific charging service fees within the upper limit Mcharge,max:
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4.2.3 Area of photovoltaic modules
The area constraint of PV modules Spv is determined according to the building and location; Spv,max is the maximum area of PV modules that can be installed in the building:
[image: image]
4.2.4 Time-of-use tariff
The time-of-use tariff policy is different for each area. Taking a province in the middle and lower reaches of the Yangtze River as an example, the tariff policy is shown as:
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where Cbuy represents the electricity tariff. Pb represents the price of the electricity in ordinary hours (7:00∼9:00 a.m., 15:00 ∼ 20:00 p.m., and 22:00–23:00 p.m.).In China, the price of Csell ranges from 0.35 to∼ 0.5 yuan/kWh. Because the electricity price varies from different region or area, the aforementioned time-of-use tariff model is used in this article as a reference, it can be adjusted according to the actual situation in practical application.
4.2.5 Power balance
The power balance equation at moment t of the busbar:
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where P(t)discharge and P(t)charge are the charging and discharging power of energy storage system, respectively. P(t)load and P(t)EV are the building load and EV’s charging power, respectively.
4.2.6 Nearly zero energy system
The sPCEB system has two sources of electricity, that is, the power generated by its PV modules or purchases electricity from the power grid. In order to achieve high clean energy penetration in sPCEB systems, the concept of nearly zero energy in this article is defined as the sPCEB system’s annual purchase of non-renewable energy from the power grid cannot be greater than the amount of the electricity sold to the power grid.
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where v is the percentage of non-renewable energy in the local power grid.
4.2.7 Shared charging time limits
Based on the historical load data of the building, the shared charging service can be provided if the charging piles are available.
4.2.8 Other constraints
Shared charging time limitation: based on the historical load data of the building, the shared charging service can be provided if the charging piles are available.
Engineering standard limitation: to avoid the fluctuation caused by the sPCEB system, the calculated operation strategy should meet the actual engineering standards of distributed energy sources (General Administration of Quality Supervision et al., 2009; Pingzhou L et al., 2016; State Grid Corporation of China et al., 2016).
5 OPTIMAL LOCATING METHOD AND OPERATION OF SHARED PHOTOVOLTAIC, CHARGING, AND ENERGY STORAGE BUILDING SYSTEM
The proposed optimization strategy focuses on the optimal design and improvement of renewable energy equipment (such as PV modules and energy storage system) based on existing common buildings. To sum up, the optimized strategy of the sPCEB system is summarized in the following steps (Figure 2):
[image: Figure 2]FIGURE 2 | Flow chart of the proposed method.
Step 1:. determining the building type. In this article, we mainly discuss two building types, public buildings, and residential buildings.
Step 2:. ranking the importance of locating indexes, according to the needs of decision makers. For residential buildings, the indexes include traffic flow, public transport accessibility, population density, green space accessibility, and housing price; for public buildings, green space accessibility and housing price are not considered, but the attractiveness of the building to users and the cost of the building need to be further considered.
Step 3:. analyzing and filtering the data that are needed for decision making.
Step 4:. the improved AHP is used for locating; the final optimal location is obtained.
Step 5:. obtain basic data of selected building (sPCEB), such as solar energy resources, electricity load, and available charging time.
Step 6:. determine objective and constraints. The combined benefit is taken as the optimal objective, and constraints include the shared charging service fees and area constraints of PV module.
Step 7:. Solving the problem according to the determined objective function and constraints, the final optimized operation strategy is obtained.
6 SIMULATION
The analytical object (urban area) in the simulation is a new first-tier city in China. The data are collected from reality, and the existing buildings can be re-designed and modified at the original situation if necessary.
6.1 Residential building
6.1.1 Analysis of locating
This region is divided into 11 districts, D1∼D11, one typical residential unit is selected from each district, named as RU1∼RU11. The main avenues in this urban area are named as A1∼A6, respectively. The population density data of D1∼D11 are collected through the national census (National Bureau of Statistics of China, http://www.stats.gov.cn/), and the average housing price data are collected by web crawler through Lianjia (http://www.lianjia.com) in 2021 (Figure 3).
[image: Figure 3]FIGURE 3 | Region and statistics (A) main avenues (A1∼A6); (B) population density of each district; (C) districts (D1∼D11); and (D) housing price (RU1∼RU11)
Based on the collection of data, several indexes can be calculated for locating the sPCEB system, as shown in Figure 4. The population density, the reciprocals of housing price, public transport accessibility, green space accessibility, and traffic flow are selected as the locating indexes in this part, and all the data are preprocessed to the range of 1–10, named as Index 1∼5, respectively. Among the aforementioned five indexes, all of them should be higher, except for the housing price, which should be lower.
[image: Figure 4]FIGURE 4 | Preprocessed data (A) population density (Index 1); (B) housing price (Index 2); (C) public transport accessibility (Index 3); (D) green space accessibility (Index 4); and (E) traffic flow (Index 5)
The population density and housing price data in Figures 4A,B are obtained directly through the collected data. In Figure 4C, the distance of the nearest subway station and bus stop to each residential unit are measured by digital map software (http://ditu.amap.com, https://map.tianditu.gov.cn/), and the corresponding public transport accessibility is derived by applying Eqs 1, 3. In Figure 4D, the area and distance of the nearest green space to each residential unit are also measured by digital map software, thus the green space accessibility can be calculated. In Figure 4E, the traffic flow data of a main avenue (A1∼A6) nearest to it is accumulated by Eq. 1 for each residential unit, and then normalized.
The importance rankings of Index 1∼5 need to be defined during the decision-making process. Here, we take Index 5 > Index 2 > Index 3 > Index 1 = Index 4 as an example, that is, the traffic flow is the most important index, the population density and the green space accessibility are less important, and the rankings are shown in Table 3.
TABLE 3 | Importance ranking and scales.
[image: Table 3]From Table 4, RU6 achieved the highest ranking of all the 11 residential units in both Index 1 and Index 5. Index 5, the traffic flow, is the most important index in this example, which is also an essential factor in determining the location as a charging station. RU6 ranks first in this index among all the residential units. According to the improved AHP, the RU6 is chosen as the most proper location for the sPCEB system.
TABLE 4 | Data of the optimal location (RU6).
[image: Table 4]6.1.2 Optimal operation
In RU6, the maximum area of PV modules that can be installed on the top surface of the building is 100 m2, and the maximum area of PV modules on the sunny side is 50 m2. The building is designed with one EV charging space, and the maximum power of the charging pile is designed as 10 kw per hour. Owners of the building are used to charging their own car every night from 18 to 24 p.m., so the parking space is temporarily closed to public EV users during that time. The service lives of PV, energy storage, and other devices are considered to be 20 years; the prices of devices refer to the existing system (Tesla Powerwall, Sonnen Home Energy Storage system).
If the power generation efficiency of the PV modules at optimum installation angle (installed on the top surface of the building) is 100%, the power generation efficiency of the vertical sunny side is 54.05% by calculating using PVsyst software. The historical load data of the building and the solar irradiance of the area for a typical day in each of the four seasons of 1 year are shown in Figures 5B,C.
[image: Figure 5]FIGURE 5 | Initial data of building (A) floor plan; (B) historical load; and (C) solar irradiance.
It should be noted that the sum of the electricity of sPCEB every 2 hours is shown in the following figures, so the unit of vertical coordinate is kWh. According to Figures 5B,C, the consumption of electricity is mainly concentrated in 5–8 a.m. and 18–24 p.m., the effective working time of PV modules is mainly concentrated in 6 a.m.–18 p.m. Therefore, it needs to be flexibly regulated by the optimal operation strategy. The strategy is solved by a CPLEX optimizer using MATLAB, and the solutions are shown in Figures 6, 7 and Tables 5, 6.
[image: Figure 6]FIGURE 6 | Optimal operation (A) discharging/charging of energy storage system and (B) trading of power grid.
[image: Figure 7]FIGURE 7 | Location of public buildings.
TABLE 5 | Parameters of devices.
[image: Table 5]TABLE 6 | Available charging time for others.
[image: Table 6]In Figure 6A, the value of energy storage greater than zero represents that the energy storage system is charging at this moment, and the value lower than zero represents that the system is discharging. Likewise, in Figure 6B, the value greater than zero represents that the building sells electricity to the power grid, and the value lower than zero represents that the building purchases electricity from the power grid. From Table 5 and Table 6, the combined benefit of the whole four typical days is 542.2 yuan, and the PV module should be installed as much as possible, that is 50 m2 on sunny side, 100 m2 on top surface of the building. The capacity of energy storage system should be 23.7 kwh. The shared charging service is available from 6–8 a.m. and 14–18 p.m. on these four typical days.
In China, distributed energy sources such as photovoltaic and wind power have been vigorously developed in recent years. China has now developed a series of engineering standard for distributed power sources in order to maintain the stability of the power system (Pingzhou L et al., 2016; National Energy Administration et al., 2017). The maximum capacity of distributed generation that can be connected to the 380 V grid is 400 kW. The maximum power of this building interaction with the grid does not exceed 20 kW (the line graphs in the manuscript show the power interacted with the grid every 2 hours, the maximum power does not exceed 40 kWh/2 h. Thus, it can be directly connected to the 380 V grid. The length of the line is 0.5 km. The calculated maximum line voltage drop is only 1.749%, which is much lower than the 7% specified in the standard.
6.2 Public building
6.2.1 Analysis of locating
The types of public buildings that can provide shared charging service for public EV users are office buildings, commercial buildings, science, education, culture and health buildings, etc. In this article, 10 public buildings (PB1∼PB10) containing parking spaces are selected for analysis in this region, and the details of each building are shown in Table 7 and Figure 7.
TABLE 7 | Details of public buildings.
[image: Table 7]Five indexes in this section are population density, public transport accessibility, traffic flow, building attractiveness, and construction cost. PB2 is finally chosen as the optimal sPCEB system, and the preprossessed data are shown in Figure 8. The importance rankings of Index 1∼5 are the same as Table 3. It can be found that PB2 is the best in Index 3. Although not all of the indexes are optimal, PB2 is still globally optimal from the overall perspective.
[image: Figure 8]FIGURE 8 | Preprocessed data (A) population density; (B) public transport accessibility; (C) traffic flow; (D) building attractiveness; and (E) construction cost.
6.2.2 Optimal operation
The type of PB2 is office building, the maximum area of installed PV modules on the top surface is 10,000 m2, and the maximum area of installed PV modules on the sunny side is 4,000 m2 (Figure 9). The building is designed to contain 150 parking spots, with an estimated penetration rate of 10% for EVs, 15 charging piles are available for public EV users all day. The maximum power of the charging piles is 15 kw per hour. By collecting the consumption data of the building for four typical days, the operation strategy of the building is obtained, as shown in Figure 10; Table 8.
[image: Figure 9]FIGURE 9 | Design of the office building.
[image: Figure 10]FIGURE 10 | Optimal operation (A) historical load of PB2; (B) available shared charging service; (C) discharging/charging of energy storage system; and (D) trading of the power grid.
TABLE 8 | Parameters of devices.
[image: Table 8]The main difference between public building and residential building is: 1) the amount of electricity consumption is large; hence, the demands for energy storage and PV modules are larger; 2) more shared EV charging spaces can be provided throughout all day. In Figures 10A,B, the description of load, storage management, and power trading strategies are similar to the residential building, only the values are different. In Figure 10C, 15 charging piles are all available at 2–6 a.m., 22–24 p.m. (all typical days), 6–8 a.m., and 14–16 p.m. (typical day in winter), 14 charging piles are available at 16–18 p.m. (typical day in spring).
The shared public building in this section will be connected to a 10 kV grid with a line length of 1 km. The maximum power of the proposed optimal operation strategy does not exceed 2 MW per hour, and the maximum line voltage drop is calculated to be 1.436%.
6.3 Additional analysis
6.3.1 Influence on the owner of shared photovoltaic, charging, and energy storage building system
In the previous analysis, the combined benefits of the optimization objectives include the environmental, social, and economic impacts of the sPCEB system. However, from the perspective of the owners of the sPCEB system, the investment costs and the corresponding revenues are the primary concern.
Assuming that the charging piles are full load, Figure 11 presents the comparison between public building PB2 and residential building RU6 in terms of the electricity cost, revenues of shared charging service, and investment costs of devices. Actually, the charging piles are not always in full load, thus the surplus energy can be sold to the power grid. Accordingly, the actual revenue of shared charging service is less than or equal to 342 yuan for RU10 and 6,327 yuan for PB2. Even without the shared charging revenue, the saved electricity fees are still greater than the average device cost.
[image: Figure 11]FIGURE 11 | Comparison of revenues and costs (A) RU6 and (B)PB2.
Figure 11A shows the comparison results for RU6. RU6 saves 80 yuan in electricity costs, and earns the charging revenues for 342 yuan. The average device cost is 64 yuan (service life: 20 years and average time: four typical days). In other words, not only can save some electricity expenses but also can generate an additional benefit of 278 yuan for using the optimal operating strategy in this article.
Figure 11B shows the comparison results for PB2. PB2 saves 28,071 yuan in electricity costs and earns the charging revenues for 6,327 yuan, the device costs are 8,707 yuan. That is, PB2 needs to pay 28,071 yuan for purchasing electricity from the power grid if not using the optimization strategy of this article; however, the costs have reduced to 2,380 yuan.
6.3.2 Analysis of combined benefits
This section compares the combined benefits of applying the optimal operating strategy with and without the shared charging service, and the results are shown in Figure 12. For RU6, the combined benefit will be 542 yuan if the shared charging service is included, and the combined benefit will be 97 yuan if the shared charging service is excluded, and the total benefits increased by 445 yuan. For PB2, the total benefits increased by 4,530 yuan.
[image: Figure 12]FIGURE 12 | Comparison of combined benefits in RU6 and PB2.
7 CONCLUSION
This article proposes a concept of the sPCEB system. More specifically, the location problem of the system is solved by the improved AHP, and the optimal operating strategy with shared charging service is further introduced. The simulation results indicate that:
1) The locating method of sPCEB can objectively give the order of importance of each element based on specific data analysis results, which can overcome the problem that the traditional AHP method cannot pass the consistency test with too many elements on the one hand, and combining the advantages of subjective and objective judgment on the other hand. It makes the decision-making process more user-friendly and more convenient.
2) The optimal operating strategy with shared charging service can not only improve the combined benefits of the building system from the perspective of social, environmental, and economic, but also greatly reduce the cost of purchasing electricity from the power grid for the owners and improve the local energy consumption capacity of the building. In addition, it achieves greater combined benefits comparing to optimal operation without shared charging services
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