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Abstract

:

One positive impact of smart cities is reducing energy consumption and CO2 emission through the use of information and communication technologies (ICT). Energy transition pursues systematic changes to the low-carbon society, and it can benefit from technological and institutional advancement in smart cities. The integration of the energy transition to smart city development has not been thoroughly studied yet. The purpose of this study is to find empirical evidence of smart cities’ contributions to energy transition. The hypothesis is that there is a significant difference between smart and non-smart cities in the performance of energy transition. The Smart Energy Transition Index is introduced. Index is useful to summarize the smart city component’s contribution to energy transition and to enable comparison among cities. The cities in South Korea are divided into three groups: (1) first-wave smart cities that focus on smart transportation and security services; (2) second-wave smart cities that provide comprehensive urban services; and (3) non-smart cities. The results showed that second-wave smart cities scored higher than first-wave and non-smart cities, and there is a statistically significant difference among city groups. This confirms the hypothesis of this paper that smart city development can contribute to the energy transition.
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1. Introduction


Smart cities are neo-trend in the urban planning field that strives for comprehensive urban management and high quality of life [1,2]. The major component of smart cities is advanced technology, such as information and communication technologies (ICT), Internet of Things (IoT), big data analytics, cloud computing, social networks, and artificial intelligence [3,4,5,6]. Smart cities exploit these technologies to provide benefits to citizens. The embedded technology in smart cities enables gathering, processing, and sharing big data so that informed decision-making is possible [5], which eventually enhances efficiency of urban services [7]. Meanwhile, these core technologies are already applied in various urban sectors apart from smart city development. For example, IoT is used to gather energy consumption data so that it can aid optimizing energy distribution and consumption [4]. Since smart cities are a holistic approach to make cities a better place, employing smart city development is significant to the energy system. The urban energy system needs to move towards a low-carbon system because cities are responsible for major energy consumption and CO2 emission [8]. This movement is called energy transition [9], which requires a change in both energy supply and demand [10].



Technologies can benefit energy transition. For example, CO2 can be converted to clean fuels with wireless control [11]. A hybrid energy system that uses multiple renewable energy sources can be applied to reduce CO2 emission, which can be automated by a neural network that enables self-learning [12]. On the demand side, passive buildings are designed energy efficiently from the outset to automatically reduce energy consumption. ICT can be used to sense and monitor energy usage in buildings so that people can reduce energy consumption [13]. For transportation, an automatic vehicle location system which is enabled by a Global Positioning System (GPS) can be applied to reduce fuel consumption and travel time [14], and sharing transport data can reduce congestion [15]. The use of core technologies in a smart city can increase energy efficiency and contribute to reducing energy consumption and CO2 emission [16,17] which in the end, supports the energy transition. Since the smart city and the energy transition share some common aspects, a smart city development can contribute to the energy transition.



There are studies on technological solutions such as big data analytics, self-learning, hybrid power systems for energy transition [7,11,12] and IoT, data management and governance, and a living lab for smart city development [3,4,5,18]. These studies provide valuable ideas on an improved energy system and more efficient data management for smart cities. However, they have not been evaluated from a holistic view of smart city planning. A smart city is more than an application of technology [19]. It also pursues innovation in governance and community [15,20] and comprehensive urban development. This paper focuses on the impact of the smart city development, particularly on the urban energy system and energy transition, within the view of urban planning. The major hypothesis is that smart city planning can contribute to energy transition and there is a significant difference between smart and non-smart cities in the performance of energy transition.



South Korea is an interesting case for this purpose because there has been a nation-wide effort for smart city development as holistic urban planning. The South Korean government invested in digitalization and ICT implimentation since the early 2000s, announced the Ubiquitous-City (U-City) plan in 2004, and established the first smart city in Songdo in 2009. As for energy transition, the government set a smart grid testbed in Jeju Island in 2010. These efforts are not evaluated yet, and we intend to compare smart and non-smart cities in South Korea to identify the results of smart city developments in energy transition. The remainder of this paper consists of the following approach. First, we build a conceptual framework on smart city and energy transition. After reviewing the literature on smart city and energy transition, we link them and develop evaluation criteria to construct an index. Second, we introduce South Korea’s planning history and policies regarding smart city development and energy transition. Then, we move on to our analysis, introducing the data collection, analysis methods and results. Finally, we conclude with a summary of the analysis and discussion.




2. Smart City and Smart Energy System


2.1. Smart City Concept


The smart city concept is fragmented and not (yet) agreed upon among scholars because each study has a different focus [21]. Recently, Kummitha and Crutzen [22] conducted a systematic literature review and categorized four different focuses on the concept: (1) restrictive; (2) reflective; (3) rationalistic or pragmatic; and (4) critical. Restrictive and reflective views both emphasize technology (mainly ICT), data management, and IoT. The difference is the view on human capital. According to the restrictive view, human capital remains the same despite technological advancement. In contrast, the reflective view sees human capital can be improved through the technology. The rationalistic view positions human capital as a major driver of smart city development. Human capital interacts with technology and creates a smart city. Finally, the critical view argues that smart cities enlarge gaps between haves and have-nots and only benefit the elites. In this paper, we take the rationalistic or pragmatic view towards the smart city concept. We think both technology and human capital play an important role in the formation of a smart city.



A smart city is an urban planning method that aims to achieve sustainable development and high quality of life [2,23,24,25]. The core components of a smart city are technology, community, and policy and these three main components work together to achieve the desired outcomes [21]. A smart city is a process to achieve balanced and sustainable development [26]. In that process, the city’s attributes (e.g., population, economic status, existing infrastructures) become assets that interact with the three core components to create solutions for environmental, social, economic, and governance problems [1,27,28].



Technology represents mainly ICT such as sensors, broadband and wireless networks, and mobile devices [29,30]. ICT functions as an enabler and facilitator of various actions and innovations in the smart city [2]. ICT-embedded infrastructures enable gathering, processing, storing and sharing of real-time information. Such technologies create a ubiquitous connection between the stakeholders and infrastructures [2,31]. Information sharing and communication can be utilized for better urban services. The accessibility and availability of ICT in each urban sector represent important indicators of being smart [2]. IoT, cloud computing, artificial intelligence, and big data are major examples of ICT in a smart city [3]. However, a smart city is more than having cutting-edge technology [19]. Technology is a prerequisite that facilitates collaboration and cooperation among government agencies, community, businesses, and other stakeholders so that they can find an innovative solution to local problems and pursue sustainable growth [2]. In that sense, community and policy play an important role in shaping a city into a smart one.



A smart community pursues creativity, social learning, inclusiveness, cooperation, and democratic decision-making [2]. It identifies and brings the problems to planning process for better services and citizen-centric decision-making [32,33]. For that social networks, online participatory tools, and e-governance can be utilized to encourage communities to join and enables mutual communication [23,34,35]. The living lab is an example of a user-driven innovation that fosters citizen involvement in service development [18,29]. Inevitably, citizens need the ability to exploit ICT infrastructure [33]. This may result in a digital divide [36], but inclusive governance can empower citizens through various training [33].



Policy paves environments in which technology can be applied and implemented in desired places and include the community in the planning process. This includes investment in R&D for ICT infrastructure, providing learning programs for citizens who are not used to ICT devices, and maintaining a good relationship with communities and businesses. The policy is not limited to regulations, laws or legislation [21], it represents a favorable governance environment for smart city development. In the smart city, e-governance shows the capacity of the government to collaborate with inter-departments, citizens, and businesses via online participatory tools [2] to improve public services [37,38].



As these three components interact together, desirable outcomes are generated in smart cities. We are especially interested in the outcomes in the environmental sector. Since the major objectives of smart city development include achieving energy efficiency and environmental sustainability [39], the energy sector can be considered the main domain that constitutes a smart city [40]. The energy sector in the smart city focuses on reducing energy consumption and CO2 emission [14,15], which is closely related to energy transition to a low-carbon society. In the next section, we introduce current challenges in energy transition and need for integraing the smart city development and the energy transition.




2.2. Energy Transition and Smart Energy System


The energy system faces challenges, such as intermittency of renewable energy sources, high demand, and pressure to reduce CO2 emission. It is efficient to tackle these challenges in a holistic manner rather than treating them separately [41]. A radical change is desired because of a technological lock-in to the unsustainable energy system, which relay on the limited amount of fossil fuel [42]. This change, the energy transition, is a shift to a low-carbon society [43]. It requires utilizing renewable energy sources, developing efficient storage and distribution technology and strategies, and consuming less energy in daily life [9]. This system-wide change can be achieved with smart city development, which itself is a comprehensive change in the urban system.



The energy system consists of generation, distribution and storage, and consumption and smart city technologies can contribute to each process to increase energy efficiency [44] and reduce CO2 emission [41]. For energy generation, hybrid renewable energy sources can be introduced to tackle the intermittency issue and it can be optimized with an intelligent power controller [12]. Small-scale energy production plants such as solar panels can be installed at homes and offices [45]. The smart grid enables real-time and interactive information sharing on energy production and consumption [41]. It consists of advanced metering infrastructures, energy storage systems, intelligent energy management systems, big data analytics that enable optimization of energy use on-demand, and enhances stable energy distribution. Energy consumption patterns can be monitored through smart metering and accumulated data can aid better decision-making [5,7].



The common ground of energy transition and a smart city is the data derived from ICT infrastructure. Big data management is important but there are barriers in implementation [6,7,45]. A universal platform is needed to share the data which increases implementation expenses. Lack of institutional capacity forces external experts to join and this makes decision-making even complex [7,45]. Most of the time, data collection is operated at a national level, which is not a suitable localized solution [7]. These barriers can be overcome by smart city planning, which is more than the technology itself. Smart city planning can provide a clear and long-term vision, a consistent policy environment, and encourage collaboration among the stakeholders [45].




2.3. Theoretical Framework


As the energy system changes, the stakeholders’ roles are also changing. The government’s role has expanded from energy producer to comprehensive system manager. The government produces energy, promotes innovation in technology, and facilitates citizen participation in a sustainable energy system. The community’s role has also expanded from energy consumer to energy producer using a smart grid system. Table 1 compares smart city components’ contributions to the energy system under both the traditional and the new system. The first column shows three smart city components and the first row shows three domains of the energy system.



The main hypothesis is that a difference exists between smart and non-smart cities regarding performance in the energy system. To check the hypothesis, evaluation criteria are developed as shown in Table 2. Technology includes renewable energy and a smart grid system. The community’s contributions are civil initiatives in the energy sector, energy consumption, and participation in energy-saving behavior. Finally, policy includes an R&D budget for technology and rules and regulations on energy systems.



Another aspect to consider in smart city development is the city’s inherent attribute. Each city has different urban characteristics (e.g., population and density, the local government’s ability and economic status) that influence smart city development. For example, a certain population threshold and density are desirable in implementing ICT infrastructure. Additionally, a high density increases the possibility of an agglomeration economy that can foster innovation [46]. The local government’s ability to plan and execute the smart city development is important [33] as stable financing and consistent policy can support the development process. The existing built environment shows reserve space for the potential development of the city. The economic status of the city influences people’s accessibility and affordability to smart services. These aspects equate to the potential inherent smartness of the city. We use the term ‘inherent smartness’ because these characteristics are not the result of smart city development. Rather, they are the assets accumulated over time, along each city’s development path. These variables are not the measure of smart energy transition, but they are included in the analysis to demonstrate each city’s relative inherent smartness which may influence the smart energy transition.





3. Smart City Development in South Korea


3.1. Smart City and Energy Policy


Smart city development is one of the national development strategies in President Moon’s administration [47]. Smart city development in South Korea started with informatization and digitalization, following the generalization of the internet in the early 2000s. The government then initiated the U-Korea Plan (2006–2010) and the U-City Plan (2009–2012) and launched 55 U-City projects (45 cities if duplicated projects in the same cities are deducted). ‘U’ stands for ubiquitous technology that enables unlimited network accessibility anywhere and anytime. The official initiation of U-City was 2006 when the Ministry of Information and Communication and the Ministry of Construction and Transportation signed an memorandum of understanding (MOU) on U-City development. The main focus of the U-City was on technology and infrastructure (e.g., ubiquitous sensor network, wireless sensor network, CCTV, fast internet network, mobile environment, and public Wi-Fi). The sensors are implemented in roads, rivers, and major facilities to facilitate management. U-City provides service mainly on transportation information and security (surveillance through CCTV and emergency response).



At the same time, the government started to prepare for energy transition under the ‘Low Carbon Green Growth’ agenda. Aligning with the global trend, the government focused on sustainable economic development, especially green and eco-friendly transportation. The government launched the Guideline for Low-Carbon Green City (2009) focusing on the development of low-carbon green cities to overcome the climate change crisis. The Low-Carbon Green Growth Law (2010) was enacted to regulate compact cities, mixed land use, public transportation, new and renewable energy use, and the water and resource cycle. Additionally, the government initiated the National Smart Grid Vision (2009) and the National Smart Grid Roadmap (2010). At a glance, the government’s smart city and energy transition efforts seem to be separated. They both fall under the Low-Carbon Green City agenda but U-City is focused on technology and on transportation and security infrastructure while the low-carbon green city projects focus on purifying and restoring the natural environment and promoting renewable energy. In addition, the government used energy transition as a means of economic development, ignoring actual energy transition within the general society [48].



U-City is a Korean prototype of a smart city. As the smart city concept evolved into a comprehensive urban management platform, the Korean government also expanded its U-City concept. The term ‘smart city’ slowly took over ‘U-City’ by the governments. Table 3 shows occurrences of the term ‘smart city’ and ‘U-City (or U-eco city)’ in the government’s policy news, press releases, and policy documents collected from www.korea.kr. There is a clear transition from U-City to smart city according to the government. U-City began to appear in 2004 and has been in use since 2005 in press releases. The term ‘smart city’ was less used than ‘U-City’ but in some news articles or documents, both were used. Since President Park Geun-hye, ‘smart city’ has become the dominant term.



Table 4 summarises the major difference between the U-City and smart city. Both U-City and smart city utilize technology but U-City focuses on the technology itself while the smart city focuses on technological functionality. U-City focuses on connected infrastructure while the smart city pays attention to human and social capital. The U-City’s goal is urban informatization (i.e., implementing technology for efficiency). In contrast, the smart city’s aim is urban intelligence (i.e., making the technology more accessible to the general public). When there is an urban problem, U-City tends to follow ready-made procedures, but the smart city diagnoses the problem and prescribes a solution based on the data. The initiatives show difference, evolving from a government-led, city-focused, top-down manner to a multi-stakeholder-led, citizen-focused, bottom-up manner. The citizen role has also expanded from mere service users to active service developers. Based on the lessons learned from U-City development, the South Korean smart city tries to provide multiple urban services and to include citizens and other parties.




3.2. Smart Cities in South Korea


Administrative districts in South Korea consist of one special city, six metropolitan cities, eight provinces, one special autonomous city, and one special autonomous province (see Figure 1). The table in Figure 1 shows administrative districts in South Korea. The hierarchy of districts is Si/Do, Si/Gun/Gu, and Eup/Myeon/Dong. Si/Do represents special and metropolitan cities (Si) and provinces (Do). Si/Gun/Gu consists of sub-districts of Si/Do. Si and Gun are sub-districts of Do (provinces) and Gu is a sub-district of Si (Here, Si includes Special City, Metropolitan Cities, Special Autonomous City and cities (Si) under provinces (Do) that have a population of more than 500,000 people). The difference between Si and Gun is one of population, wherein the criterion is 50,000 people. Eup/Myeon/Dong are sub-districts of Si/Gun/Gu. Here, we considered both Si and Gun as ‘a city’ (including the special city, metropolitan cities, the special autonomous city and cities under provinces). Including Seoul, Sejong, and Jeju, six metropolitan cities and 75 Si and 77 Gun, a total of 161 areas are considered as cities for data analysis.



Cities in South Korea can be categorized into three types as follows (see Table 5):




	
First-wave smart city (SC1): U-Cities developed from 2009 to 2013 and smart city projects by LH and local governments focusing on transportation and security sectors.



	
Second-wave smart city (SC2): Smart city projects providing comprehensive urban management services, including transportation information, facility management, security and disaster prevention, health and welfare, administration, and environment (including ongoing smart city projects.



	
Non-smart cities (NSC): None of the above.










4. Methodology


4.1. Methods and Limitation


An index is commonly used to quantitatively measure certain phenomenon [50], in this case, smart energy transition. We adopted this method to summarise various smart city’s contributions to energy transition that can ease the comparison and provide the relative position of cities at a glance. There are several limitations of this method, first the data may not be available for all indicators. This can be overcome by introducing alternative indicators or using existing data according to the indicator. For example, some of the variables lack the city level data but provincial data (accumulation of city data) was available. In this case, we use the average of provincial data (provincial data divided by the number of cities in that province) as the city data. Additionally, the index may over-simplify the phenomenon and mislead policy decision-making. However, a well-constructed index based on sound theories can provide insights on the overall tendency of the phenomenon that can support decision-making [50].



The methods are as follows. First, based on literature we introduce a smart energy transition index and its variables. The variables are aggregated with an equal weighting scheme based on the assumption from the literature. Then, descriptive analysis is operated showing the top 10 and bottom 10 cities to show a general tendency of the index. Then, the index of three city groups are compared to check the statistical significance. A sensitivity analysis is carried out to see the effect of altered variables due to data availability. Finally, the correlation between the index and urban characteristic variables is conducted.




4.2. Constructing a Smart Energy Transition Index


The Smart Energy Transition Index was developed based on the theoretical framework in Section 2, having indicators in Table 6. Due to the limited data source, we had to alter some of the indicators which are marked with an asterisk (*). The following bullet points indicate how the data was collected and treated.




	
Renewable energy production *: There is provincial-level data on renewable energy production but not at the city-level. We divided provincial data by the number of cities in each province. Renewable energy sources include solar, photovoltaic, wind, hydro, geothermal, and biomass power.



	
Smart grid *: The data available for a smart grid is the energy storage system (ESS) and advanced metering infrastructure (AMI) supply which are available at provincial level so we divided the data by the number of cities in each province. In addition, we found data on smart grid projects at smartgrid.or.kr. as well as ESS projects from DOE Global Energy Storage Database. We use multiple sources of data to triangulate the smart grid penetration.



	
Civil initiatives in the energy sector: There are three forms of civil initiatives: cooperatives, social enterprise, and town enterprise. It is possible to access the full list of these initiatives and extract the ones specializing in the renewable energy sector. Most of them support residents in installing or renting solar paneling.



	
Energy-saving behaviors *: This represents how much people try to reduce energy consumption in their daily lives. The data comes from the social survey which asks whether people try to use public transportation, participate in recycling, use fewer disposable goods, buy eco-friendly goods, and participate in energy conservation campaigns. These questions are asked on a scale of 1 to 5 with 5 being they are always participating and 1 being never or not interested. All provinces except for Gangwon, Chungnam, Jeonnam, and Gyeongnam have city-level data on each energy conservation behavior (n = 87). Gangwon, Chungnam, Jeonnam, and Gyeongnam (n = 74) provide only provincial-level data. It is risky to remove all missing cases, so we used provincial-level data as each city’s data.



	
Energy consumption per capita: Energy consumption means electricity use. The Korean Statistical Information Service (KOSIS) provides city-level data on electricity usage and is divided into four purposes of use: home, public, service, and industry. We excluded industrial (agriculture, fisheries, forestry and mining, and manufacture) electricity use because those facilities are usually built outside the city. Only home, public, and service usage are considered. The total amount of electricity consumption is divided by the population.



	
R&D budget for technology: The percent of R&D budget earmarked for technology (technology development, R&D and scientific technology in general) in the local government’s annual budget is used.



	
Rules and regulations: Elis.go.kr provides a full list of each city’s current ordinances, rules, and regulations. We count the number of ordinances and rules that are related to energy. The titles that frequently appeared include ‘Energy Basic Ordinance’, ‘Ordinance on Green Roof’, ‘Ordinance on Response to Climate Change’, ‘Ordinance on Low-Carbon Green Growth’, and ‘Ordinance on Renewable Energy Provision’.



	
Urban characteristics: As discussed in Section 2.3, the variables of the inherent smartness of the city are included in the analysis. These variables are population, financial independence ratio (FIR), gross regional domestic production (GRDP) per capita, and urbanized area per capita. The population represents the city’s size while GRDP per capita represents the economic status of the city. FIR shows to what extent the local government has the financial means to provide public services and the urbanized area represent the urban infrastructure and density of the city.








The indicators are normalized and accumulated with equal weighting, as shown in Figure 2, to calculate the Smart Energy Transition Index score.


  S m a r t   E n e r g y   T r a n s i t i o n   I n d e x =  1 3   {   1 2   (  R E + S G  )  +  1 3   (  C I + E B + E C  )  +  1 2   (  R B + R R  )   }   








where RE means renewable energy production, SG means smart grid (accumulated with smart grid projects, ESS and AMI installation), CI means civil initiative in energy sector, EB means energy-saving behavior, EC means energy consumption per capita, RB mean R&D budget for technology, and RR means rules and regulations on the energy sector. We chose equal weighting because three components of smart cities are equally highlighted in the literature [21].



Since the indicators have different units of measurement, the indicators are normalized by using the z-score and percentile. Normalization puts all indicators on the same scale so each city’s relative position can be shown. The z-score does so, where the mean is standardized to zero (0) and the standard deviation is converted to one (1). Then, z-scores are converted into a percentile in which the maximum value becomes 100% so that it is intuitive and easy to understand the score. Interpretation should be careful, 100% does not necessarily mean the city has perfect conditions for an indicator. For example, 100% in renewable energy does not mean the city’s power source is 100% renewable energy. Rather, it means the city is relatively better than other cities. The Smart Energy Transition Index score ranges from 100% (highest) to 0% (lowest). Figure 3 shows the results of the Smart Energy Transition Index and the categories of cities in South Korea. Darker blue means a higher Smart Energy Transition Index score. In general, smart cities in South Korea have a higher Smart Energy Transition Index score than NSC.




4.3. Analysis


The 10 cities with the highest and lowest scores are shown in Table 7. The top 10 cities are mostly smart cities (SC1 and SC2) and the top eight cities are all metropolitan or special cities. These big cities have a large population, mostly more than 1 million people, and Seoul significantly exceeds the average (9.8 million). Jeju and Pohang-si have relatively lower populations but they have a higher per capita urbanized area. Incheon scores the highest followed by Seoul. Seoul scores similar to Incheon but it performs lower in the R&D budget for technology. Yongin-si is SC2 but a non-metropolitan city. It has a population of 1 million and fairly sound financial power as well as GRDP per capita. Yongin-si performs well in smart grid projects (95.4%) and community initiatives (76.8%) which compensates for its relatively poor performance in renewable energy production (32.6%).



The bottom 10 cities are mostly NSCs and from the ‘Gun’ area. Most of the bottom 10 cities have a relatively lower population and FIR. Additionally, their urbanized area per capita is higher than the average, meaning the urban infrastructures are spread. As a result, it is hard to implement ICT infrastructure. The bottom 10 cities scored poorly in each smart energy transition variable. Some cities showed very low scores in energy-saving behavior less than 10.0% and rules and regulations.



Exceptional cases are found in both the top and bottom 10 lists. One NSC is included in the top 10 list and two SC1s are included in the bottom 10 lists. A closer look into each one’s smart energy transition and urban characteristic variables can explain the existence of these exceptional cases. Pohang-si, an NSC included in the top 10 list, performed well in energy-saving behavior (68.4%) and R&D budget for technology (100.0%). Pohang-si has a relatively smaller population but has sound FIR and GRDP per capita. In contrast, Wanju-gun and Gimcheon-si, the SC1s in the bottom 10 list, have a lower population, but their other urban characteristic variables are better than the average. Wanju-gun and Gimcheon-si have lower scores in each variable, similar to the other bottom 10 cities, but they scored even less in energy-saving behavior. This tendency implies that even though a city has higher inherent urban smartness rooted in urban characteristics, its smart energy transition may be more to do with active community involvement and voluntary participating in energy-saving behaviors. Additionally, the policy plays an important role in building a favorable environment for a sustainable energy transition.



Table 8 shows the results of the descriptive analysis on the Smart Energy Transition Index score of each city group and urban characteristic variables. SC1 is comprised of 42 cities and their mean Smart Energy Transition Index score is 50.9, with the minimum being 33.6 and the maximum being 72.8. SC2 is comprised of 12 cities where the mean score is 60.9 and the maximum score is 84.0. The number of NSCs is 107 and their mean score is 44.8. The minimum and maximum scores are 27.3 and 63.9, respectively. The mean score is highest in SC2 and lowest in NSC. SC2 has the highest average population, more than 1 million people, while NSC has the lowest population. This tendency can be observed in administrative-city-type metropolitan areas which are all smart cities with the highest populations, more than 2 million people. Meanwhile the Si area hovers around the average and Gun has the least population. FIR is also highest in SC2 and the metropolitan area and lowest in the NSC and Gun. The urbanized area per capita is lowest in SC2 and the metropolitan area, meaning the cities are more compact than in NSC or Gun. GRDP per capita does not show dramatic differences like other variables do, but the tendency is similar.



SC2 scored higher in most of the smart energy transition variables except for energy-saving behavior. SC2 scored especially high in technology variables (renewable energy production at 50.5% and smart grid projects at 64.5%) and policy variables (R&D budget for technology at 60.4% and rules and regulations at 77.1%). In comparison, in community variables, only civil initiative on energy is exceptional (63.3%). The others are similar or slightly higher than the average. SC1 shows somewhat better performance in community and policy variables than the average. NSC scored least, similar or lower than the average. The metropolitan area scored the most in every variable, exceeding the average. Si performed better than Gun except in renewable energy production and energy-saving behavior.



To check whether there is a statistically significant difference among mean scores, one-way ANOVA is performed. One-way ANOVA is useful to check whether a difference exists among groups in terms of their mean. Before performing ANOVA, the following assumptions are checked:




	
The data for each group is normally distributed (normality).



	
The data for each group has a common variance (homogeneity in variance).








The result of the Shapiro test also shows that both non-smart cities and SC1s are not normally distributed (p-value < 0.05). For homogeneity of variance, Levene’s test was performed. The p-value was less than the significance level (p < 0.05) which means the variance is not homogeneous. Since both normality and homogeneity in variance assumptions were not satisfied, the nonparametric test was performed instead of one-way ANOVA. Since the number in the group was three, the Kruskal-Wallis test was performed (see Table 9). Since the p-value was less than the significance level of 0.05, we can conclude that there are significant differences between the city categories. To find which pair of city category exhibit a difference, we performed pairwise comparisons using the Wilcoxon rank-sum test (see Table 10). SC2 is significantly different from SC1 and NSC (p < 0.05). Additionally, there is a significant difference between SC1 and NSC.



Since the data on renewable energy production and energy-saving behavior represents an estimation, we excluded these indicators for the sensitivity analysis. The adjusted Smart Energy Transition Index score is summarised below. The boxplot shows the revised SETI score has a wider range than the original one, but the general tendency is similar (see Figure 4). The results of the Kruskal-Wallis test and the post-hoc test can be interpreted the same as the original results (see Table 11 and Table 12). All in all, there is a significant difference between the city categories in the mean of their Smart Energy Transition Index scores.



The analysis shows that a significant difference exists in the means of the SETI scores in each type of city. The top 10 highest scoring cities are mostly SC1 and SC2, and seven out of nine metropolitan cities (except Sejong and Busan) are on the list. This result seems to provide evidence that big cities with higher urban development levels are already ahead of other cities.



For the final analysis, we tested the correlation between urban characteristic variables and the SETI score to check the effect of urban characteristics. The result showed that the SETI score has a significant relationship with all urban characteristics variables except GRDP per capita (see Figure 5). Population and FIR have a high positive relation while per capita urbanized area has a negative relation. This result is plausible because technology, where urban infrastructure is reflected (smart grid), needs a population threshold to be implemented. Community is influenced by the size of the population, with more people likely to join community initiatives and participate in energy conservation behavior. Of course, a greater population results in more energy consumption. However, this is adjusted by using a per capita energy consumption level. The policy, especially R&D for technology, is closely related to the financial status of the local government, and hence, FIR. This propensity again confirms that inherent urban characteristics already determine the smartness of a city. On the other hand, a high per capita urbanized area means low density which results in more energy consumption (longer travel distance, spread sewerage pipeline, and longer electric wires) and a negative influence on the SETI score.




4.4. Findings of the Analysis


The major findings from the analysis can be summarised as follows. First, there is a significant difference in the mean of the index score by city type. This finding supports the hypothesis that smart cities perform better in the energy transition arena. SC2 performs better than SC1 or NSC in most of the smart energy transition variables except for energy-saving behavior. SC1 performs better than NSC, scoring similar to the average. This tendency can be also observed with the administrative city type. Metropolitan areas have a large population and high FIR score with Si’s being modest and Gun’s being the least. This takeaway provides another evidence of the first argument (i.e., urban characteristics influence the inherent smartness of the city). Metropolitan areas that already have resources at their disposal score higher than SC2 in their SETI score.



Second, there are some exceptional cases. Some SC1s performed poorly in smart energy transition while some NSCs performed better. This tendency is partly related to the urban characteristic variables and partly to the smart energy transition variables. For example, Wanju-gun and Gimcheon-si SC1s included in the bottom 10 cities, have a higher population and FIR than the other bottom 10 cities but it scored poorly in smart energy transition variables. Comparatively speaking, Pohang-si, an NSC included in the top 10 cities, scored high in energy-saving behavior and R&D budget for technology, even though its urban characteristic variables are lower than the other top 10 cities. Urban characteristics are important, but these exceptional cases also show the importance of smart city development that boosts community involvement and political support.



Finally, the correlation test shows a potential contribution of urban characteristic variables, such as population, FIR, and per capita urbanized area to the smartness of the city. Population and FIR have a positive relationship while per capita urbanized area has a negative relation to the index score. Per capita GRDP does not have a significant relationship. These findings imply that the inherent smartness of the city may influence the smart energy transition.





5. Conclusions


Smart city development aims for sustainable urban development and high quality of life [2,24,25]. This paper focuses on environmental sustainability, especially smart energy transition. A smart city can contribute to energy transition by properly compositing technology, community, and policy. By evaluating South Korea’s smart city development, this paper endeavored to provide a framework for the Smart Energy Transition Index and empirical evidence on the effectiveness of smart city development. We developed an index with seven indicators that represent the possible contribution of three smart city components (technology, community, and policy). Urban characteristic variables (population, FIR, per capita GRDP, and urbanized area) are included in the analysis to determine the effect of the inherent smartness of the city.



The results of the analysis can be summarized as follows.




	
There is a statistically significant difference in the mean index score among city groups.



	
SC2 scored the highest, followed by SC1, and NSC.



	
There were exceptional cases where an NSC was included in the top 10 cities and two SC1s were included in the bottom 10 cities.



	
There is a positive correlation between population and FIR with the index score, and a negative correlation between the urbanized area per capita and the index score.








What we can learn from these results is that smart city development can contribute to a smart energy transition. The fact that the mean SETI score of SC1s is lower than SC2s shows the limitation of SC1s, which mainly focus on technology implementation [49]. A smart city is more than technology [19], and community and policy should also play important roles. The policy designs a favorable environment for community and technology to prosper, and active community involvement can boost smart energy transition. SC2 is an advanced model of SC1, one that attempts to balance three smart city drivers, and it has a bigger impact on realizing energy transition. Many of the SC2s in South Korea are still under a developing process. Especially, Busan and Sejong are designated as a national smart city testbed in 2018. The plan encompasses safety, transportation, environment, welfare, tourism, governance, and infrastructure. As smart cities evolve as a comprehensive plan, further studies are expected to trace their development and assess the impact on energy transition in the future.



Additionally, urban characteristics have an indirect influence on the smart energy transition. For example, a large population has an advantage in securing community initiatives, tax revenue for local government’s financial status, and innovation that supports technology [51]. The local government’s ability (represented by FIR) can pave the way for a sustainable energy transition with financial and political support. These accumulated urban resources can positively influence smart energy transition.



The limitation of this study is that the dataset is imperfect. For example, renewable energy production is estimated from the provincial-level data and smart grid implementation is estimated with three different data sources. Lack of city-level data in some variables forced us to use alternative data (e.g., provincial data) which may not reflect the phenomenon correctly. Another limitation is that community-based smart cities are not considered. This is also due to the lack of such data. In addition, we provide only an overview of the smart energy transition in South Korea. Other countries may have different results. Despite these limitations, this paper still provides significant knowledge on the overall performance of smart cities on energy transition. We delivered an evaluation framework that combines smart city and energy transition. This is also significant as integrating the energy sector rather than treating it as separate entity provides flexibility in policy designing and planning [52]. The future research can better composite the index with full city-level data, fill the knowledge gap on community-based smart city projects, and identify the effectiveness of smart city development on smart energy transition in other countries. Additionally, specific case studies can be carried out to examine the success and failure of smart cities in energy transition.
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List of Acronyms


The table below summarizes all the acronyms used in this paper in the order of appearance.





	Acronym
	Term



	ICT
	Information and Communication Technology



	IoT
	Internet of Things



	GPS
	Global Positioning System



	U-city
	Ubiquitous city



	SC1
	First wave smart city



	SC2
	Second wave smart city



	NSC
	Non-smart city



	ESS
	Energy storage system



	AMI
	Advanced metering infrastructure



	RE
	Renewable energy generation



	SG
	Smart gird



	CI
	Citizen initiatives in the energy sector



	EB
	Energy conservation behavior



	EC
	Energy consumption



	RB
	R&D budget for technology



	RR
	Rules and regulations on the energy sector



	PP
	Population



	FI
	FIR: financial independent ratio



	GR
	Gross regional domestic production per capita



	UA
	Urbanized area per capita
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Figure 1. Administrative districts in South Korea. 
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Figure 2. Constructing the Smart Energy Transition Index. 
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Figure 3. Smart cities and Smart Energy Transition Index in South Korea. 
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Figure 4. Boxplot and distribution of adjusted Smart Energy Transition Index (SETI) scores. (a) Original SETI score; (b) Adjusted SETI score. 
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Figure 5. Correlation between SETI and urban characteristics. 
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Table 1. Comparison of smart city drivers’ contribution to the energy system.
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Smart City Driver