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Abstract

:

Depletion of fossil fuel deposits is the main current issue related to the world’s power generation. Renewable energy sources integrated with energy efficiency represent an effective solution. The electrification of end-use coupled with renewable power generation integration is considered as an important tool to achieve these tasks. However, the current electric power system does not currently have the suitable features to allow this change. Therefore, in the future, it has to allow two-way direction power flows, communication, and automated controls to fully manage the system and customers. The resulting system is defined as the smart grid. This article analyses the smart grid state of play within China, the US, and the EU, assessing the completion state of each smart grid technology and integrated asset. The analysis related to these countries presented here shows that the smart grid overall state of play in China, the US, and the EU are equal to 18%, 15%, and 13%, respectively, unveiling the need related to further efforts and investments in these countries for the full smart grid development.
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1. Introduction


During the centuries, energy sources have always represented a fundamental tool used by humankind to satisfy their need. Many examples unveil the close relationship between energy utilization and human behaviour, such as the discovery of the fire related to the wood ignition for cooking meals and heating for humans, metals processing, and the application of animal power for agriculture. The first industrial revolution in the 18th century moved man from the animal and biomass energy source towards coal, and then, in the 19th century, with the Age of Oil, petroleum became the main source for many fuels and technologies. Since then, fossil sources have played a dominant role in satisfying human life energy needs, replacing manual works or other sources, which have represented the only solution until then. Therefore, fossil source has become the main energy source for many fundamental energy consumption sectors, such as transport, power generation, buildings, industry, and so on. The lack of mainstream environmental awareness and, thus, policy limits about fossil fuels environmental impact, economic and industrial competitiveness as well as the accessible price of fossil sources has resulted in the high dependence of human life on alternative and renewable energy sources. Over the years, some of the fundamental movements that support alternative and renewable energy sources, such as the 1997 Kyoto and 2015 Paris climate agreements, represent milestones for the birth of the energy–earth relationship, called sustainability. Today, technological innovations and developments have been developed and invested in for each energy consumption sector, such as power generation, transport, industry, and buildings, offering many solutions that represent both new challenges and opportunities towards the higher employment of environment-friendly sources, either totally or partially replacing the fossil sources if properly and fully implemented [1].



IRENA’s GET2050 analysis forecasts that renewable energy electrification (RE Electrification), which consists of the electrification of the end-use sectors coupled with renewable integration in the power generation sector, could provide a 44% reduction in CO2eq (GHG emissions) related to total energy consumption compared to the reference case as shown in Figure 1. Figure 1 shows a 64% GHG emissions reduction in the power generation sector, a 25% reduction related to buildings’ energy needs, a 54% reduction in transport energy needs, and a 16% reduction in end-use energy needs.



Electricity needs reliable and strong infrastructures for its generation, transmission, distribution, utilization, and storage. All these functions are provided by the fundamental tool of the electric power system. In this work, many current power system inefficiencies and limits, which are related to renewable energy sources integration as well, will be highlighted. Moreover, the electrification process will deeply impact the current power system, further stressing its limits. Therefore, innovation and improvement of the current power system are mandatory to cope with the renewable electrification process, and the solution to most of the system inefficiencies will be represented by an advanced and innovated electric power system called a smart grid [4].



Given the very articulated nature of smart grids and of the related assets, most of the existing works focus on specific situations, technologies, and countries. Indeed, this is a necessary approach in order to understand the possible benefits that each technology and asset could provide to the grid, as well as to understand if the cost–benefit ratio proves more or less favourable.



This work, instead, tries to provide a high-level assessment of the state of play for the existing smart grids of China, the US, and the EU, through the evaluation of the deployment share in each of the considered regions of a set of technologies and integrated assets. More specifically, the smart grid technologies considered in this work are wide area management system (WAMS), distribution automation (DA), advanced metering infrastructure (AMI), customer technology (CT), and information and communication technology (ICT); the considered smart grid integrated assets are distributed generation (DG), energy storage system (ESS), electric vehicle (EV), charging infrastructure, and smart electricity markets (SEM). Data and information have been gathered through a sectorial literature review. Some issues have been encountered during the data-gathering phase, as will be reported in Section 4. This reflects the ongoing deployment of the smart grid, where some sectors are more developed than others.



Section 2 reports several highlights from the literature review, regarding the current status of smart grid deployment at the global level. Section 3 describes the methodology developed to define the technologies and assets to be considered, taking into account their beneficial effect on the grid. Section 4 reports the results of the state of play analysis in terms of deployment rates, and finally, Section 5 summarizes the conclusions stemming from the findings.




2. Literature Review


The European energy system is completely moving towards a more sustainable energy system. The development of sustainable energy systems is relatively slow in some developing countries in the EU but compared to the class of nuclear energy systems, development is in a gradual phase in the EU [5]. The most important part of that is the smart energy system in households, which includes smart meters, controls, appliances, and house network integration. The study [3] is a framework of the SET plan to support the smart energy solution. It includes the type of technologies being used in the EU Member States to monitor smart energy use. It is not intended that this study will comprehensively assess the actual deployment of smart energy solutions.



Several studies have been conducted on the capability of loads, industrial, residential, and commercial, to follow power generation in order to maximally exploit the generation from renewable energy sources (RES). This activity is defined as demand-side management (DSM) or demand response (DR) and is already pursued, at least at the pilot or demonstration scale, in several regions, across the EU [6].



At the EU transmission system level, transmission system operators (TSO) are represented by ENTSO-E, the European Network of Transmission System Operators for Electricity. ENTSO-E develops roadmaps and network development plans, the latest of which is the “Research, Development & Innovation Roadmap 2020–2030” [7] and the Ten-Year Network Development Plan 2020 (TYNDP 2020) [8]. There, transmission, battery, and power-to-gas storage, as well as DR projects are presented within a multi-scenario framework, depicting the foreseen development of the EU transmission network.



The network capabilities and information technologies are being integrated with the traditional electricity delivery capabilities for the electric transmission and distribution systems. This study shows different companies, customers, and other electricity sector stakeholders discussing their problems and types of queries about smart grid technologies.



The Nigerian electricity grid is trying to integrate smart grid technologies with renewable energy sources [9]. The jeopardized condition of the power sector shows inefficient power plants, poor transmission and distribution facilities, and an outdated metering system, used by the electricity consumers. In such a situation, the synergy between the smart grid and renewable energy production is seen as a beacon of hope. This plays a vital role in state of art technologies and processes in the smart grid being developed and implemented in EU Member States. The US has impacted developing countries such as Nigeria to have access to an efficient electricity system.



A study sponsored by the Canadian Electricity Association (CEA) [10] highlights the advantages and disadvantages of implementing some of the smart grid technologies, products, and services. Distribution automation (DA), smart consumption infrastructure elements such as distribution management systems (DMS), automated metering infrastructure (AMI), smart homes (SH), and smart appliances (SA) are some of the technologies that are being implemented in some developing countries such as China, India, and in some parts of the US, which specifies the diversity of the policies by the CEA. The study [10] analyses many technologies that are being used to implement smart grids, as well as future trends, such as combining renewable energy technologies with combined heat and power (CHP) systems, the energy management and control of electric vehicle (EV) charging stations, voltage-frequency control of a voltage source inverters, smart generation scheduling for wind-thermal-pumped storage systems, and finally, optimized power system restoration.




3. Methodology


These smart grid projects must be justified on an economic basis, as the main objective for the decision makers is to evaluate the smart grid with a well-defined and consistent methodology. While on one hand, many countries such as the US, China, and the EU present a clear opportunity for smart grids, on the other hand, many poorly developed technological nations would benefit from such technologies, which would allow the possibility of enhancing access to electricity. Quantifying a project’s total benefit across its lifespan is measured using various metrics and by applying calculations that help in monetizing the grid impacts [11]. Baseline data and project data of each benefit are analysed to obtain the cost–benefit analysis of the smart grid. Baseline data also reflect the state of the grid when the equipment or project started and the respective forecasts using the past data reference, which also calculates the absolute benefit of the smart grid technology. Project data reflect the state of the grid when the smart grid asset is implemented with proper verification and auditing. The benefit assessment is calculated as the difference between the baseline and project data across the project lifetime. The final aspect of the benefit calculation is to calculate the optimal sensitivity analysis, which is calculated using the input parameters. Controlling the sensitivity range for each input allows for the creation of customised scenarios that explore uncertainties related to environmental regulation, market conditions, and electric load growth. The state of play of methodology plays a vital role in the evolution of smart grid technologies in China, the US, and the EU. The state-of-play methodologies have different steps that are reported in the following.



Step 1: Review the overall purpose and goals [12].



Many technologies are brought into action using some of the relatively simple examples of various mapping and measurement tools that can be employed to characterize the process objective. The first step is aimed at primarily comparing costs, performances, and benefits. Some of the major technologies that are being implemented are demand response at the customer level and direct load control at the utility scale. The major smart grid technologies that have been implemented comprise the following:




	
An advanced metering infrastructure (AMI) is installed to estimate the complete usage of load variations at each point of contact by the customers and to provide feedback. The deployment of AMI will also enable another benefit related to power quality (PQ) levels enhancement [13], which will also be calculated.



	
Wide area monitoring systems (WAMS) are essentially based on the new data acquisition technology of phasor measurement and allow monitoring transmission system conditions over large areas in view of detecting and further counteracting grid instabilities.



	
Distribution automation (DA) technologies provide advanced capabilities for operators to detect, locate, and diagnose faults. Remote fault indicators, relays, and re-closers provide access to real-time data on key feeders.



	
Customer technology (CT) and information and communication technology (ICT) deal with the customer’s communication and mapping of the customer requirements.



	
Distributed generation (DG) of electricity from renewable energy sources such as rooftop photovoltaic (PV) generation systems, small-scale hydro, and wind generation plants.



	
Energy storage systems (ESS) is a new category enabling engineers to optimize the power system optimally. The application of ESS systems is used mainly for reducing or eliminating the uncertainties of renewable distributed generation.



	
Electric vehicles (EV) charging infrastructures, which are a developing market all over the globe, with the need to access the charging stations also known as electric vehicle supply equipment (EVSE) [14,15,16].








The main objective of the assets and smart grid technologies is to implement the smart grid application. The decision to implement the type of assets and smart grid technology also hosts the utilities, customers, and equipment vendors, and each will be interested in specific aspects of the results. The customers will be interested in deciding if the electricity bill justifies the type of serviced technology they are implementing and if it is cost efficient. The utilities will be interested in how well the equipment is working. The vendors will be interested in whether their solution will lead to a profitable new business opportunity, reducing costs and/or increasing revenues.



Step 2: Identify the functions.



As the objective is to implement a smart grid, it will be necessary to determine which smart grid functions need to be activated according to the assets and the technology being used by the respective countries and regions. The chosen assets that could activate the functions are validated using the cost–benefit analysis.



These are some of the main functions to be chosen for the implementation of the smart grid:




	
Fault current limiting [17,18];



	
Wide area monitoring and visualization and control [19,20,21];



	
Dynamic capability rating [22,23,24];



	
Flow control [25];



	
Adaptive protection [26,27];



	
Automated feeder switching [28,29];



	
Automated islanding and reconnection [30];



	
Automated voltage and VAR condition [29];



	
Diagnosis and notification of equipment condition [31];



	
Enhanced fault protection [27];



	
Real-time load measurement and management;



	
Real-time load transfer;



	
Customer electricity use optimization [32].








These functions enable the integration of other energy resources, which includes distributed generation (DG), energy storage systems (ESS), and electric vehicles (EV). In the next steps, the article describes the linkage between smart grid assets and smart grid functions.



Step 3: Assessment of the main characteristics of a smart grid project.



The deployment of smart-grid-enabling technologies and systems within a project could activate one or more of the seven main characteristics of a smart grid. These characteristics have been broadly adopted across the industry:




	
Enabling informed participation by customers.



	
Accommodating the storage and generation of renewable electricity.



	
Enabling new and improved products, services, and markets.



	
Providing power quality for the needs of the 21st century economy.



	
Optimizing operation efficiency and asset utilization.



	
Addressing and reducing disturbances through automated prevention, containment, and restoration.



	
Operating resiliently against all hazards.








Step 4: Mapping each function onto a standardized set of benefits.



After finding the main functions of the hypothetical project, the next step is to map these functions to the related assets to be deployed and to the benefits they provide. These information are provided by [12] and are summarized in Table 1 below that directly report the link between deployed assets and expected benefits. Table 1 represents the load measurement and management load shifts, which in turn, reduce the cost of the generation, which lowers electricity bills to customers. The assets and functions are also considered based on the smart grid location. The respective assets based on the hypothetical project will help to modernize the delivery and use of electricity by enabling the functions.



Not all the functions are required to be enabled in each project; every technology requires its own set of functions with respect to the credibility of each technology and asset, but some functions are required for processing the application of the smart grid. The main types of benefits are based on mainly economic, reliability, environmental, and security with utilities, customers, and externalities as some of the perspectives.



	
Economic benefits are classified based on improved asset utilization, transmission and distribution (T&D) capital savings and operation and maintenance (O&M) savings, theft reduction, energy efficiency, and electricity cost-saving benefit.



	
Reliability benefits are classified based on yearly data on occurring power interruptions and power quality levels.



	
Air emission-based benefit is an environmental type.



	
Energy security is based on security benefits.






Step 5: Establishing the baselines for the project.



This step is an important and difficult step to complete. The baseline condition represents the condition when the project would not have taken place. The baseline is defined as different for different benefit metrics. The type of benefit is described in the first column, while the second column contains the beneficiary, and another corresponding baseline is noted in the third column.



Step 6: Identifying and compiling the data.



As the name suggests, this step identifies the type of data needed to calculate the corresponding baseline information needed to calculate those benefits. For applicable benefits identified in the previous step, the current step compiles the needed data. Those data that are being collected before and after compiling will help in the installation of smart grid components to the project.



Step 7: Quantify the benefit.



A quantitative assessment of the value of the benefits for a specific project is carried out as the difference in project outcomes between the project scenario and the baseline scenario, thus, without the project in place.



Step 8: Monetize the benefit.



An economic unitary value is defined for each of the previously quantified benefits, in order to allow for comparison and summation, under common economic terms.



Step 9: Estimating the relevant costs.



As the name suggests, the relevant cost of the entire project and all the other costs include:




	
Infrastructure capital cost.



	
Equipment cost and devices cost.



	
Fuel cost.



	
Cost of labour for operations, maintenance, repair, etc.



	
The installation cost for smart grid infrastructure and services.









4. Analysis


As described in the methodology paragraph, the assessment of the smart grid state of play within China, the US, and the EU are given by the evaluation of the share of deployment of its every technology and integrated asset.



4.1. WAMS


One of the most important enabling devices for the WAMS technology is the phasor measurement unit (PMU). Therefore, PMU installation is considered a useful parameter to assess the state of play of smart grid WAMS technology [33]. In China, PMU installation share in 2018 was high at large-scale generation and HV substations, reaching 3000 installed units [13]. Therefore, it is assumed that   % W A M  S  H V   C N   ≈ 100 %  . In the US, PMUs reached 1000 installed units in 2015, and their installation was fully completed at the transmission system in 2017 [34]. Therefore, it is assumed that   % W A M  S  H V   U S   = 100 %  . In the EU, PMUs reached high installation share in 2018 in seven countries of 28 Member States [35]; therefore, it is assumed that   % W A M  S  E U   ≈  7  28   = 25 %  . However, no PMUs data are available for MV and LV substations in China, the US, and the EU; therefore, it is assumed that   % W A M  S  M V ,   L V   C N ,   U S   = 0 %  . Giving HV, MV, and LV equal weight as installation places for PMU, the WAMS overall state of play    (  % W A M S  )    in each country is given by the arithmetic mean between   % W A M  S  H V   ,   % W A M  S  M V   ,   % W A M  S  L V    :   % W A M S =   % W A M  S  H V   + % W A M  S  M V   + % W A M  S  L V    3   . Therefore,   % W A M S   results equal to 33%, 33%, and 25%, respectively, for China, the US, and the EU.




4.2. DA


DA is formed mainly by smart substations and their components such as fault detection, insulation and restoration devices, and voltage optimization devices. Therefore, it is considered as a useful parameter to assess the state of play of the smart grid DA technology. In China, 65 smart substations of 110 kV to 750 kV were built in 2011 [36], and their development up to 2020 involved mainly an HV system [36]. Therefore, it is assumed that   % D  A  H V   C N   ≈ 100 %  . However, no DA data are available for MV and LV substations; therefore, it is assumed that   % D  A  M V ,   L V   C N   = 0 %  . The DA overall state of play in China (  % D  A  C N   )   is given by arithmetic mean between   % D  A  H V   C N   ,   % D  A  M V   C N   ,   % D  A  L V   C N    :    % D  A  C N   =   % D  A  H V   C N   + % D  A  M V   C N   + % D  A  L V   C N    3   . Therefore,   % D  A  C N   = 33 %  . In the US, distribution circuits in 2016 equipped by voltage optimization devices amounted to 22% of total ones, amounting to nearly 45 thousand circuits [35]. Therefore, it is assumed that   % D  A  U S   ≈ 22 %  . In the EU, the distribution automation project was launched in 2012 [37]. Moreover, no smart substations were completed up to 2019 [38]; therefore, it is assumed that   % D  A  E U   ≈ 0 %  .




4.3. AMI


The main component of AMI is the smart meter. Therefore, its deployment is considered as a useful parameter to assess the state of play of the smart grid AMI technology. In China, in 2017, the State Grid Corporation of China (SGCC) completed the deployment of smart meters to all served customers, which belong to 26 provinces    (  P r o v i n c e  s  S G C C   = 26  )    of China, reaching 400 million installed units [39]. Therefore, it is assumed that   % A M  I  S G C C   = 100 %  . However, no data about the deployment of smart meters in the other provinces served by China Southern Power (CSP) are available [40], which are equal to five    (  P r o v i n c e  s  C S P   = 5  )   . Therefore, it is assumed that   % A M  I  C S P   = 0 %  . Hence, the AMI overall state of play in China   ( % A M  I  C N   )   is assumed to be equal to the weighted mean on provinces:   % A M  I  C N   =   % A M  I  S G C C   ∗ P r o v i n c e  s  S G C C   + % A M  I  C S P   ∗ P r o v i n c e  s  C S P     P r o v i n c e  s  S G C C   + P r o v i n c e  s  C S P     = 84 % .   In the US, smart meters achieved 50% for all US customers in 2017; therefore, it is assumed that   % A M  I  U S   = 50 %  . Moreover, current and future investments are expected to increase this share up to 93% in 2030 [35]. In the EU, the deployment of smart meters is expected to achieve 80% for all EU customers by 2020 [41]. Therefore, it is assumed that   % A M  I  E U   = 80 %  .




4.4. CT


Smart appliances are fundamental customer technologies. Regarding residential customers equipped by these technologies, their home is called a smart home. Therefore, the state of play of this smart grid technology is evaluated considering the smart home development, due to a lack of data about business and industrial sectors. In China, smart homes reached 12.6% in 2020 [42]; therefore, it is assumed that   % C  T  C N   ≈ 13 %  . In the US, smart homes are expected to reach 28% by 2021 [43]; therefore, it is assumed that   % C  T  U S   ≈ 28 %  . In the EU, smart homes reached 12.5% in 2020 [42]; therefore, it is assumed that   % C  T  E U   ≈ 13 %  .




4.5. EV Infrastructure


EV smart charging stations represent a fundamental component of the EV infrastructure; therefore, these ones are used as a parameter for the evaluation of the state of play of this smart grid integrated asset. In China, the EV smart charge pilot project started in 2020 [44]; therefore, it is assumed that   % E  V  C N   ≈ 0 %  . In the US, commercial operations for the deployment of smart charging stations started in 2019 [45]; therefore, it is assumed that   % E  V  U S   ≈ 0 %  . In the EU, a smart charging stations commercial trial started in 2019 [46]; therefore, it is assumed that   % E  V  E U   ≈ 0 %  .




4.6. SEM


Electricity markets are a needed economic tool to implement all smart grid operations. They have to be characterized by two features: integrated electricity market (IEM) throughout electric power system and dynamic electricity prices, called time of use (ToU) prices. Hence, the smart electricity market state of play    (  % S E M  )    is assessed as the arithmetic mean between the state of play of these two features, such as IEM and ToU prices. Although China is a single state, no IEMs through China’s regions exist currently, due to an economic limit represented by interregional electricity trades characterized by yearly and not flexible contracts [43] and a technical limit represented by a fragmented electricity network into six regional grids, which are also characterized by a limited interconnections capacity that limits the power flows exchange among them [47]. Therefore, it is assumed that   % I E  M  C N   = 0 %  . Unlike China, in the US, no limited interconnection capacity among states has been found out in this research work. However, the economic limit for IEM is represented by many regional wholesale markets existing currently [46]. Therefore, it is assumed that   % I E  M  U S   = 0 %  . Unlike China and the US, where the national government has always issued energy policies throughout provinces or states, in the EU, energy policies had been managed individually by Member States until 2007. Indeed, national electricity networks were designed to mainly ensure the national energy self-sufficiency [48], and the international energy exchange between cross-border states had been considered as a solution for system contingencies or limited international electricity markets enablers [49]. Interconnection capacity of Member States was set at 10% of their installed power generation capacity in 2002 [50], so power flows limited exchange was allowed between Member States. In 2007, the Lisbon Treaty conferred higher importance to European energy policies to issue international energy policies to apply in each Member State building an integrated European electricity network [51]. Since, 700 MW interconnections between the Netherlands and Norway were built in 2008 [47]. However, limited interconnections capacity still existed up to 2014 between Member States [47], still representing a technical limit for IEM. Moreover, in 2011, the Agency for the Cooperation of Energy Regulators was stated to improve cross-border energy markets across the EU and achieve an integrated European energy market [47]. However, currently in the EU, cross-border trades are yearly and monthly, where national day-ahead overcapacity is allocated for intraday trading and for balancing markets [40], representing an economic limit for the IEM. Due to both current technical and economic limits for the IEM, it is assumed that   % I E  M  E U   = 0 %  . In China and the EU, a mainly static ToU pricing mechanism is still adopted currently [52,53]; therefore, it is assumed that   % T o  U  C N , E U   = 0 %  . In the US, a pilot project about a dynamic ToU price mechanism was implemented from 2007 to 2016 in Illinois [53]. However, minimal penetration of ToU is recorded throughout the US currently [54,55]. Therefore, it is assumed that   % T o  U  U S   = 0 %  . Finally, the arithmetic means between   % I E M   and   % T o U   results in   % S E M = 0 %   for China, the US, and the EU.




4.7. ICT, DG, and ESS


Regarding smart grid ICT technology, due to a lack of data about its deployment within China, the US, and the EU, it has been assumed that   % I C  T  C N , U S , E U   ≈ 0 %  . Regarding DG and ESS, due to a lack of information about the amount of these integrated assets in a fully developed smart grid system, the state of play of these has been assumed null in the analysed countries; therefore,   % D  G  C N , U S , E U   ≈ 0 %   and   % E S  S  C N , U S , E U   ≈ 0 %  .




4.8. Smart Grid Overall State of Play


The smart grid overall state of play    (  % S G  )    within China, the US, and the EU is assessed as the arithmetic mean of each smart grid technology and integrated asset, considered in this work:


  % S G =   % W A M S + % D A + % A M I + % C T + % I C T + % D G + % E S S + % E V + % S E M  9   











  % S G   results equal to 18%, 15%, and 13%, respectively, for China, the US, and the EU. These results unveil that in these countries, a smart grid has not already been completed. Therefore, more technical and political efforts, as well as investments, are needed to achieve full smart grid implementation.



Finally, smart grid components and their per cent state of play within the mentioned countries are summarized in Table 2 below.



Moreover, the smart grid overall state of play within China, the US, and the EU is summarized in Figure 2 below:





5. Conclusions


In this work, the smart grid state of play within China, the US, and the EU has been assessed. Benefits related to electric energy employment, with remarkable attention to renewable sources integration, as well as current electric grid innovation and improvement, were introduced as the driving forces for smart grid implementation. Its technologies and integrated assets and state of play assessment methodology were described in the literature review and methodology paragraphs. Finally, the smart grid state of play within the mentioned countries unveiled that more efforts and investments are needed to complete each part of the smart grid and enable the full achievement of smart grid environment benefits. However, a lack of data about the state of play of a few smart grid technologies does not allow for the knowledge about further efforts in the related smart grid sector. Regarding customer technology, further analysis is required in order to involve business and industrial sides as well. The ICT current state of implementation was not found in the research work, and it was assumed null for each analysed country. DG and ESS per cent completion state were assumed null due to a lack of information about their amount in a fully developed smart grid. However, some data, as reported in Table 1, such as WAMS, DA, and SEM, were described by qualitative features rather than quantitative ones due to a lack of information found about them. Therefore, further analysis is required for these smart grid components to achieve a better result regarding the smart grid state of play in each country.
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Figure 1. Projected energy-related CO2 emissions, authors’ elaboration from [2,3]. 
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Figure 2. Smart grid overall state of play (SGOSoP) within China, the US, and the EU. 
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Table 1. Smart grid assets and functions.
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Advanced Interrupting Switch

	
AMI/Smart Meters

	
Controllable/regulating Inverter

	
Customer EMS/Display/Portal

	
Distribution Automation

	
Distribution Management System

	
Enhanced Fault Detection Technology

	
Equipment Health Sensor

	
FACTS Device

	
Fault Current Limiter

	
Loading Monitor

	
Microgrid Controller

	
Phase Angle Regulating Transformer






	
BENEFITS

	
Economic

	
Improved Asset Utilization

	
Optimized Generator Operation

	

	

	

	

	

	

	

	

	

	
×

	

	

	




	
Deferred Generation Capacity Investments

	

	

	

	

	

	

	

	
×

	

	

	
×

	

	
×




	
Reduced Ancillary Service Cost

	

	

	

	

	

	

	
×

	
×

	

	

	

	

	




	
Reduced Congestion Cost

	

	

	

	

	

	

	

	

	

	

	

	

	
×




	
T&D Capital Savings

	
Deferred Transmission Capacity Investments

	

	

	

	

	
×

	
×

	
×

	
×

	

	

	

	
×

	




	
Deferred Distribution Capacity Investments

	

	

	
×

	

	
×

	
×

	
×

	
×

	

	

	
×

	
×

	




	
Reduced Equipment Failures

	

	

	

	

	

	

	

	

	

	
×

	

	

	




	
T&D O&M Savings

	
Reduced Distribution Equipment Maintenance Cost

	

	

	
×

	

	

	

	

	

	
×

	

	

	

	




	
Reduced Distribution Operations Cost

	

	

	

	
×

	

	

	

	

	

	

	

	

	




	
Reduced Meter Reading Cost

	
×

	

	

	

	

	

	

	

	

	

	

	

	




	
Theft Reduction

	
Reduced Electricity Theft

	

	

	
×

	

	

	

	

	

	
×

	

	

	
×

	




	
Energy Efficiency

	
Reduced Electricity Losses

	

	

	

	

	

	

	
×

	

	

	

	

	

	




	
Electricity Cost Savings

	
Reduced Electricity Cost

	

	

	

	
×

	

	

	

	

	

	

	

	

	




	
Reliability

	
Power Interruptions

	
Reduced Sustained Outages

	

	
×

	

	

	

	

	

	

	

	

	

	

	




	
Reduced Major Outages

	

	

	

	

	

	

	

	

	

	

	

	

	
×




	
Reduced Restoration Cost

	

	
×

	
×

	

	

	

	

	

	

	

	

	

	




	
Power Quality

	
Reduced Momentary Outages

	

	
×

	

	

	
×

	
×

	
×

	
×

	

	

	
×

	
×

	




	
Reduced Sags and Swells

	

	

	

	

	

	

	

	

	

	

	

	

	




	
Environ- mental

	
Air Emissions

	
Reduced CO2 Emissions

	

	

	

	
×

	

	

	

	

	

	

	

	

	




	
Reduced SOx, NOx, and PM-1O Emissions

	

	

	

	

	

	

	

	

	

	

	

	

	




	
Security

	
Energy Security

	
Reduced Oil Usage

	

	

	

	

	

	

	

	

	

	

	

	

	




	
Reduced Wide-scale Blackouts
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Table 2. Smart grid technologies and integrated assets with their per cent state of play.
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Smart Grid Technology

	

	
Percent State of Implementation

	




	
China

	
US

	
EU






	
Wide Area Management System (WAMS)

	
33%

	
33%

	
25%




	
Distribution Automation (DA)

	
33%

	
22%

	
0%




	
Advanced Metering Infrastructure (AMI)

	
84%

	
50%

	
80%




	
Customer Technology (CT)

	
13%

	
28%

	
13%




	
Information and Communication Technology (ICT)

	
0%

	
0%

	
0%




	
Distributed Generation (DG)

	
0%

	
0%

	
0%




	
Energy Storage System (ESS)

	
0%

	
0%

	
0%




	
Electric Vehicle (EV) Infrastructure

	
0%

	
0%

	
0%




	
Smart Electricity Market (SEM)

	
0%

	
0%

	
0%




	
Smart Grid Overall State of Play

	
18%

	
15%

	
13%
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