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INTRODUCTION
A power grid enterprise, as often as not, which is closely related to economic development, is the core enterprise supporting regional economic development. In the field of infrastructure planning of a smart grid, the study of the excavation of development characteristics consolidates the theoretical basis for the formulation of distinguished source-network-load-storage cost-sharing mechanisms for power grids at different development levels (Hall and Foxon, 2014; Li et al., 2021). The existing models and standards of appraisal which are incommensurate to the key technical characteristics of the backbone planning framework of a smart grid with a reliable grid connection of a high percentage of renewable energy and power electronic equipment application, therefore, are in urgent need of being improved correspondingly (Falahati et al., 2012; Munshi and Mohamed, 2017). This paper proposes a multi-closed-loop assessment mechanism for the development level of smart grids with the growth potential of power demand, economic growth potential, and growth potential of renewable energy penetration as error correction procedures. Furthermore, some opinions on the existing assessment methods are put forward. Based on the result of assessment, some suggestions for distinguished infrastructure planning goals of a smart grid at disparate development levels are presented (Wang et al., 2014).
Considering the “periodical” and “saturated” characteristics during the evolution process of a smart grid, this paper forms a multi-closed-loop assessment mechanism for the development level of smart grids. The key contributions of this opinion are two-fold:
1) A multi-closed-loop assessment mechanism for the development level of smart grids is formulated. Data analysis methods such as correlation analysis of the time difference and a machine learning algorithm such as principal component analysis (PCA) are applied for an indicator which can comprehensively, objectively, and accurately evaluate the current development level of the power grid. The generalized logistic growth curve with excellent adaptability to data is applied to excavate the time sequence characteristics of smart grid development and clarify infrastructure planning objectives for each development level.
2) A calibration model of the multi-closed-loop assessment mechanism is proposed. Firstly, the general situation of the regional power grid and economic development is investigated to sort out regional energy endowment and a future development plan. Then, based on the infrastructure planning goals of the smart grid and considering the growth potential of power demand, regional economy, and new energy access, the calibration model of the assessment mechanism is constructed to verify the assessment results of the development level of the smart grid and improve the accuracy of smart grid development trend prediction.
COMPREHENSIVE ASSESSMENT INDICATOR OF DEVELOPMENT LEVEL OF SMART GRIDS
Single-Attribute Assessment Indicator
At present, most researchers evaluate the single attribute of a smart grid from the aspects of power grid economy, power grid development coordination, and power grid reliability. Time-sequential simulation was applied to analyzing the characteristics of curtailment and trend of power system in a previous work (Jia et al., 2019). The operation reliability under the influence of the sequential characteristics of austerity and shifting of a flexible reserve provider is evaluated. The sustainable evolution ability of the smart grid from the aspects of environmental protection and resource development level was evaluated in another study (Li et al., 2007), and took the sustainable development ability as a key indicator in which the development level of the power grid is incarnated. The research on the single attribute assessment of the power grid has a relatively thorough evaluation model and system, but it restrictedly concentrates on reflecting the development level of a certain aspect of the smart grid, lacks the comprehensive evaluation indicator, and the evaluation results lack objectivity and comprehensiveness, which does not provide high guidance for the goal of smart grid infrastructure planning.
Multi-Attribute Assessment Indicators
The multi-attribute comprehensive assessment methods need to select indicators highly related to the main business of the power grid. Generally speaking, these indicators have standardized statistical caliber, collection methods, and recording methods. The power grid enterprise has built a long-term data accumulation mechanism and data repository to further enhance the vertical and horizontal comparability of the same indicator data. Meanwhile, dynamic indicators have higher reference value, generally speaking, when solving infrastructure planning problems. An evaluation mechanism for the coordinated development of a renewable-dominated power grid considering the three dimensions of a power system, transmission, distribution, and power dispatching, was proposed in an earlier study (Dai et al., 2011). The comprehensive evaluation index system and method of a power grid considering the combination of macro and micro perspectives of medium and low voltage electrical networks was formulated in a previous work (Song et al., 2014). However, the variational process of smart grid characteristics in a dynamic environment with a high renewable energy penetration rate has not been studied. At present, most research findings on the multi-attribute assessment of a power grid can merely present the development status of the power grid statically which results in the lack of dynamic indicators with high timeliness in the model structures (Niu et al., 2013).
MULTI-CLOSED-LOOP ASSESSMENT MECHANISM FOR DEVELOPMENT LEVEL OF SMART GRIDS
In this paper, the highly accessible annual per capita electricity consumption is taken as the benchmark indicator, which excludes the influence of demographic change, has strong comparability, and skyscraping correlation with the main business of the power grid. Based on data analysis methods such as the correlation analysis of the time difference, the consistent indicators matching splendidly with the basic cycle of electricity consumption in the multi-dimensional attribute of the power grid is explored. In the field of machine learning, dimensionality reduction algorithms such as principal component analysis algorithms are applied for the purpose of reducing data dimensions and maximizing the retention of information from original data so as to provide accurate quantitative indicators for smart grid development trend prediction.
The logistic growth model is diffusely applied to researching the field of the growth process of social economy, business, science, and technology. The logistic growth model was used to predict urban saturation load in a previous work (Wang and Fang, 2012), and the calculation methods of each sub-model and boundary parameters are confirmed. In addition, from the perspective of life cycle, the identification model of development level of industrial parks based on the logistic growth model was structured and gave suggestions in an earlier study (Wang and Zhang, 2021). The current research achievements based on the logistic growth model universally lack the verification procedure for the development potential of the object of study when exploring the law of development. The logistic growth model, meanwhile, lacks a sufficient correction margin due to poor adaptability to data. By contrast, the generalized logistic growth model introduces the shape factor, which makes the model reflect the actual growth process of a power grid more accurately and objectively by adjusting the shape factor according to the variation trend of data.
This paper proposes a multi-closed-loop assessment mechanism for the development level of smart grids considering growth potential in electricity demand, regional economy, and renewable energy penetration. In the calibration sub-model, the power consumption elasticity coefficient and the growth rate of renewable energy penetration rate are used to determine the respective weights of power demand growth potential, economic growth potential, and renewable energy access growth potential. Parameter sensitivity analysis is required in the selection of error correction procedures, which is adjusted according to the physical truth. Furthermore, the subjective and objective combination weighting method is adopted to evaluate the growth potential of the three factors, and the results are matched with the partition of the acceleration curve. Iterative matching can be achieved by adjusting the saturation predicted value of the consistent index and benchmark index in the case of mismatching results. Input parameters should be adjusted within the adjacent range of the open-loop input parameters, and kept the same order of magnitude with the original parameters as far as possible. In addition, the physical significance of the model should be taken into consideration to reflect the adjustment potential of parameters practically. The multi-closed-loop assessment mechanism for the development level of smart grids is presented in Figure 1.
[image: Figure 1]FIGURE 1 | The multi-closed-loop assessment mechanism for the development level of smart grids.
At the initial development level, the structure of a smart grid will inevitably experience a process from scratch. At this time, the principal feature of the smart grid is the famine of capital, talents, and infrastructure, and the development space is relatively broad and the development speed is relatively slow. Therefore, combined with the advantages of regional development, considering the economic development conditions and regional development policies, the infrastructure projects of a power grid are vigorously promoted to expedite the evolution of grid structure to the rapid development level. At the benefit exploration phase, the infrastructure construction of a power grid presents explosive growth, and management technology and operation efficiency should be improved, so as to form a virtuous cycle with positive feedback characteristics between the advancement of the smart grid and regional economic development. At the undersaturated development level, the high percentage of renewable energy access and the extensive use of power electronic devices make the security and stability of the power grid become one of the core topics concerned by smart grid planning. It is necessary to constantly stimulate the innovation of the power grid in technology, management, service, and market. At the saturation development level, the risk of disconnection of the source network is in pressing need of researchers’ concern. At the same time, the barriers of inter-regional electricity trading should be broken, and the trans-regional electricity market trading system should be improved, so as to achieve the optimal allocation of electricity resources and promote the high-quality development of the economy (Zhang et al., 2010; Erdiwansyah et al., 2021).
DISCUSSION AND CONCLUSION
When facing a period of energy revolution, a high percentage of renewable energy connected to the smart grid is the strategic technology leading this revolution. Sticking with the consumption of renewable energy, as a matter of course, has become an inevitable problem. For the purpose of effective adaptation of centralized and distributed access, a smart grid with high toughness and high flexibility is a feasible option. Of course, the next thing issue would be the requirement of additional investment. Adhering to the principle of “who benefits, who pays”, therefore, according to distinguished development levels of a smart grid, formulating differentiated schemes to recover the costs triggered by the above investment from the source-network-load-storage is conducive to gradually realizing the fairness of transmission and distribution cost sharing result from access engineering, system flexibility transformation, and auxiliary services. The model proposed in this paper provides a feasible technical scheme for development level assessment for smart grids. With the unremitting advancement of smart grid construction, in the future, the amount of data generated in the field of development level assessment of smart grids will increase exponentially. Researchers should keep an open and optimistic attitude when dealing with advanced technologies such as artificial intelligence and data analysis methods, and constantly explore their effective application in different scenarios of smart grids (Ozay et al., 2016; Hossain et al., 2019; Xiao et al., 2020; Desai and Makwana, 2021; Veeramsetty, 2021; Zhang et al., 2022).
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