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            Abstract
          
        

        
          
            Purpose: 
            This study investigates the effects of the outdoor conditions and heating and cooling degree-days on climate change. Accurate climate data is crucial for energy-consumption assessments and energy-saving solutions. To this end, this study examined historical weather data to investigate the changes in dry-bulb temperature and the trends in heating and cooling degree-days. 

          

          
            Method: 
            Dry-bulb temperature data for 17 cities in South Korea were collected from the weather data service of Korea Meteorological Administration. Data spanning from January 1, 1984 to December 31, 2023 were evaluated, and the missing data were interpolated using linear methods. Heating and cooling degree-days were then calculated using the degree-days method by applying a consistent base-temperature across decades and cities. 

          

          
            Result: 
            The results indicated a rise in the average annual dry-bulb temperatures across all cities, particularly during 2010s and 2020s. Analysis of the moving average temperatures by season showed that, except for a few years, the moving average temperatures for spring, summer, and autumn have consistently increased. The cooling degree-days increased significantly, particularly in Jeju, while the heating degree-days decreased significantly, such as in Cheongju. These trends suggest that relying on outdated climate data could lead to miscalculations in building energy consumption, which necessitates the use of recent data for accurate energy analysis and capacity planning.
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      1. Introduction
      
        1.1. Background and Purpose
        global warming is a worldwide predicament. The Intergovernmental Panel on Climate Change (IPCC) has recognized the severity of the climate change problem and has warned that net-zero emissions must be achieved by 2050 to limit the average temperature increase to 1.5℃ by 2100 [1]. However, global warming is already underway, and the global primary energy consumption is projected to increase by 32% by 2040 compared to that in 2017 [2]. The increase in air and ocean temperatures, melting of snow and ice, and rise in mean sea level [3] that have already been observed indicate that climate change is already underway [4], and more extreme weather events are expected [5, 6]. Changes in the outdoor temperatures because of climate change will affect water resources, power generation, agriculture, and so on [7]. For instance, the energy consumption in building sector [12-14] will be affected, as energy demand for cooling will increase [8, 9] and that for heating will decrease [10, 11]. Considering that the building sector accounts for more than 30% of the world's final energy consumption [15] and 30% of greenhouse gas emissions [16, 17], it is imperative to provide solutions by designing new buildings in an energy-efficient manner and assessing the energy consumption of the existing buildings to combat climate change. However, considering the gradual changes in the climatic conditions because of global warming caused by human activities, implementing solutions based solely on the current climate data may cause deviations from the expected energy-efficient performance of the building designs [18].

        In a previous study, Cho et al. calculated the heating degree-days (HDD) using weather data from 1971 to 2006, and compared them to the HDD established in the 1980s. They found that the HDD decreased by more than 10% compared to the 1980s [19]. Jung calculated the cooling degree-days (CDD) for major cities in South Korea using the daily average outdoor temperature data for the years 1981~2010. Comparing the results of the CDD calculated at a level of 10 years with those calculated at a level of 30 years revealed that the CDD increased gradually from the 1980s to the 2000s in five cities: Chuncheon, Gangneung, Ulsan, Jeju, and Daegu [20]. Rey-Hernandez et al. compared energy consumption in the current and future climates for zero-energy buildings in Spain, which have a high probability of receiving 98 points in the LEED certification as of 2018. Using 2020 as a baseline, they compared the extrapolated energy consumption in 2050 and 2080, and demonstrated that energy-demand patterns will change over time owing to the effects of climate change [21]. Yang et al. examined the impact of climate change in five different climate zones in Europe. They compared the energy demand for heating and cooling between three climate change scenarios: 2010~2039 (near future), 2040~2069 (intermediate future), and 2070~2099 (distant future). The results showed that while energy demand varied across climate zones, the cooling energy demand generally increased unlike the heating energy demand [11]. In another study, Xiong et al. estimated that the cooling energy demand in urban residential buildings in China will increase by 14% to 20% between 2023 and 2060 [22]. Invidiata and Ghisi examined the energy consumption of residential buildings in three Brazilian cities. They found that all the cities will be affected by a warm climate, resulting in a steady increase in the energy demand over the next 60 years [23].

        Numerous studies have proved that the heating energy consumption will decrease over time, while the cooling energy consumption will increase. As temperatures rise owing to the effects of climate change, differences between past and present weather conditions occur. Disregarding these differences can impact the given conditions, which may differ from the actual conditions, in building energy-use analyses and capacity calculations. Furthermore, it is essential to understand the effects of climate change on the rising temperatures when developing detailed energy conservation plans to reduce energy consumption in the building sector [24].

        In this context, this study aims to examine the changing trends of outdoor conditions that may affect the energy-consumption assessment, heating and cooling equipment capacity estimation, and energy-conservation planning using historical weather data for 40 years, that is, from 1984 to 2023. Based on this weather data, the changes in the outdoor dry-bulb temperatures were quantitatively analyzed by region. In addition, the changing trend in the heating and cooling degree-days were also analyzed by year and region using the same base temperature through the degree-day method [24], which is a simple method for estimating the heating and cooling energy requirements of buildings.

      

    

    

  
    
      2. Methodology
      
        2.1. Data Collection and Interpolation
        To estimate the outdoor weather conditions, and heating and cooling degree-days according to the climate changes, meteorological data was collected. Specifically, we collected the dry-bulb temperature data of 17 regions listed in Appendix 7 of the Energy Saving Design Standards from the Korea Meteorological Administration’s Open Weather Data Portal [26]. The 17 regions are as follows: 1 from the Central Region I, 8 from the Central Region II, 7 from the Southern Region, and Jeju Province. The weather data from Automated Synoptic Observing System (ASOS) were collected. For the cities without ASOS data, Automatic Weather System (AWS) data were used as substitutes. For the weather data, the dry-bulb temperature data for the 40-year period from January 1, 1984 to December 31, 2023 were used. The collected weather data had inconsistently missing values in random during the 1980s (that is, 1984~1989). The inconsistent missing values accounted for 3.02% to 13.09% of the data depending on the region, and the missing values were interpolated using a liner interpolation method. This is a method of estimating missing data by connecting known points with straight lines. For example, suppose the dry-bulb temperature at hour n is missing, and the temperature data at hours n-1 and n+1 are available. Then, the missing value can be estimated as shown in Eq. (1).
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        where, Tn is the outdoor temperature (℃) at hour n.

        To evaluate the accuracy of the linear interpolation, 10% of the non-missing original data were randomly removed and the error was then calculated using the Root Mean Square Error (RMSE) and Mean Absolute Error (MAE). Based on the calculated errors. The data was interpolated using quadratic linear interpolation and it was determined that the RMSE and MAE of the dry-bulb temperature ranged from 0.125℃ to 0.186℃ and from 0.027℃ to 0.039℃, respectively.

      

      
        2.2. Degree-Day Method
        In the 1930s, the heating-energy use in buildings were estimated using the degree-day method, which was developed to estimate the energy consumption by calculating how often and how much the average daily temperature (that is, the average of the daily maximum and minimum temperatures) in a given area was above or below a base temperature [25]. The sum of the number of heating- or cooling-days per year in a region represents the climatic severity of that region. When calculating the degree-days, a base temperature was used to indicate that cooling and heating, respectively, was required above and below the base temperature. The cooling and heating degree-days were calculated by summing the difference between the average daily temperature and base temperature, as shown in Eqs. (2) and (3).
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        where, HDD is the heating degree-days (HDDn), CDD is the cooling degree-days (CDDn), Tbase is the base temperature (℃), and Teqaligni is the average daily temperature (℃). The superscript + symbol indicates that the value in the parentheses is included in the sum only if it is positive [27]. When calculating the heating and cooling degree-days, it is important to use an appropriate base temperature because the calculation results vary depending on the value of Tbase. In this regard, the American Society of Heating, Refrigerating, and Air-Conditioning Engineers (ASHRAE) recommends using 18.3℃ as the base temperature when calculating the heating and cooling degree-days in countries where there are no standards. However, in this study, the heating and cooling degree-days were calculated using the base temperatures (18℃ for HDD and 24℃ for CDD) used to calculate the heating and cooling degree-days in the Monthly Heating and Cooling Degree Days Statistics from the Data Portal [28]. Therefore, the heating and cooling degree-days were denoted as HDD18 and CDD24, respectively.

      

    

    

  
    
      3. Outdoor Condition Changes
      The outdoor temperature is a very important factor on which the heating and cooling operations are based on. Heating is performed in winter when the outdoor temperature is low, while cooling is performed in summer when the temperature is high. Because the system design and energy consumption assessment are performed based on the outdoor temperature, it has a significant impact on the building energy consumption, and any changes in the same should be sensitively reflected.

      
        3.1. Dry-bulb Temperature Changes
        The 17 regions, which is the scope of this study, were categorized into Central Region I, Central Region II, Southern Region, and Jeju Island. Fig. 1. shows the trend of the average annual dry-bulb temperature data from 1984 to 2023 in four cities that represent the categorized regions, respectively.

        
          
          

          Fig. 1. 
				
          

          
            Average annual dry-bulb temperature for four representative cities
          
          

          

        

        Chuncheon had the highest average annual temperature of 16.1℃ in 2023 and a lowest temperature of 13.8℃ in 1986. In Seoul, the highest was 13.5℃ in 2023 and the lowest was 11.0℃ in 1986. In Busan, the highest and lowest were 16.1℃ in 2023 and 13.8℃ in 1986, respectively. In Jeju, the highest was 17.5℃ in 2021 and the lowest was 14.7℃ in 1986. In these cities, the dry-bulb temperature exhibited an increasing trend, although it fluctuated from year to year. Examining the years with the highest and lowest temperatures in each region, established that Chuncheon in Central Region I had an average annual temperature of 10.6℃ in 1984 and 12.41℃ in 2023, showing an increase of 1.8℃. The temperatures also increased by 2.3℃ (from 11.2℃ to 13.5℃) in Central Region II (Seoul), by 2.2℃ (from 13.9℃ to 16.1℃) in the Southern Region (Busan), and by 2.7℃ (from 14.8℃ to 17.5℃) in Jeju.

        The long-term changing trend of the dry-bulb temperature was also investigated by year using moving averages. It is a statistical technique used to smoothen short-term fluctuations and identify long-term trends or changes. In this study, moving averages were used to analyze the trend of the changes in the dry-bulb temperatures by season at a level of 10 years. After listing the dry-bulb temperatures for winter (January, February, and December), spring (March, April, and May), summer (June, July, and August), and fall (September, October, and November), the moving average for each decade was estimated using Eq. (4).
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        where, Ts,y is the average temperature (℃) of season s in year y, and MA10(Ts,y) is the 10-year moving average temperature (℃) of Ts,y.

        Fig. 2. shows the 10-year moving averages by season in Chuncheon. Fig. 2. (a) shows that of winter, in which the moving average temperature fluctuated, that is, the increase/decrease was repeated until 2018 (average temperature for 2009~2018); however, it increased from -3.1℃ to -2.1℃ from 2018 to 2023 (average temperature for 2012~2023). Fig. 2. (b-d), in which the moving average temperatures are shown for spring, summer, and fall, respectively, show a continuously increasing trend except for the years 2013, 2011, and 2009, respectively. Particularly, in the spring season, the temperature increased significantly from 11.0℃ in 2013 to 14.5℃ in 2023. When the analysis was performed by applying the same moving averages to the three representative regions besides Chuncheon, the results were similar, although the magnitude of increase or decrease varied. In particular, the winter moving averages showed a decreasing trend from 2009 to 2013 in all the regions, unlike the other seasons, and an increasing trend from 2017 or 2018 to 2023.

        
          
          

          Fig. 2. 
				
          

          
            10-Year moving average of the seasonal temperatures in Chuncheon
          
          

          

        

      

    

    

  
    
      4. Analysis of the Heating and Cooling Degree-Days
      Heating and cooling degree-days are a simple way to estimate the energy consumption by summing based on a base temperature and an average outdoor temperature. Therefore, by applying the same base temperature, the mechanism of change in the energy demand with respect to the outdoor temperature changes under the same conditions can be investigated. Fig. 3. and Fig. 4. show the trends of the CDD and HDD, respectively, by period for each region. The change in the cooling and heating degree-days from 1984 to 2023 was examined by dividing it into the 1980s (1984~1989), 1990s (1990~1999), 2000s (2000~2009), 2010s (2010~2019), and 2020s (2020~2023).

      
        
        

        Fig. 3. 
				
        

        
          Cooling degree-days from 1980s to 2020s across the 17 cities
        
        

        

      

      In Fig. 3., which shows the distribution of the average CDD by period for each region, the following can be observed for Busan: 125.9 CDD24 in the 1980s, 142.5 CDD24 in the 1990s, 122.6 CDD24 in the 2000s, 180.8 CDD24 in the 2010s, and 181.4 CDD24 in the 2020s. Compared to the 1980s, there was an increase of 16.7 CDD24 in the 1990s; however, this was followed by the lowest value of 122.6 CDD24 in the 2000s. An increase of 52.2 CDD24 was then observed in the 2010s. The 2010s and 2020s had similar values, with a difference of 0.6 CDD24. The average CDD by period were generally the highest in the 2010s or 2020s, which indicates that CDD was increasing compared to the past. Moreover, comparing the CDDs from the 1980s to the 2020s, it was established that Daegu, Gwangju, Jeonju, Pohang, Suwon, and Ulsan had the highest CDD in the 2010s, while the other regions exhibited the highest CDD in the 2020s. The highest change in CDD was in Jeju, where it increased continuously from 154.9 CDD24 in the 1980s to 320.5 CDD24 in the 2020s, more than doubling. Ulsan, however, had the smallest change in CDD, with 138.2 CDD24, 167.9 CDD24, 156.2 CDD24, 187.2 CDD24, and 163.5 CDD24 from the 1980s to the 2020s, respectively, showing a fluctuating trend.

      In Fig. 4., which shows the distribution of HDD, the following can be observed for Busan: 1,939.9 HDD18 in the 1980s, 1,737.9 HDD18 in the 1990s, 1,765.1 HDD18 in the 2000s, 1,783.4 HDD18 in the 2010s, and 1,641.3 HDD18 in the 2020s, which exhibited a decrease of 202 HDD18 in the 1990s compared to the 1980s. From the 1990s to the 2010s, the HDD18 increased by 27.2 and 18.3 HDD18, respectively, based on the 2000s, however, the 2020s showed the lowest value. Other regions also exhibited a fluctuating pattern (that is, increasing and decreasing back and forth) from the 1990s to the 2010s, except Mokpo, which showed the lowest HDD value in the 2020s. The highest change in HDD was in Jeju, where it decreased continuously from the 1980s to the 2020s. The average HDD decreased from 1,777.5 HDD18 in the 1980s to 1,341.1 HDD18 in the 2020s, with a decrease of 24.5%. Cheongju also exhibited a continuous decrease in HDD, from 2,844.7 HDD18 in the 1980s to 2,273.7 HDD18 in the 2020s, with a decrease of 20.1%. On the other hand, in Mokpo, the HDD decreased by 189.4 HDD18, from 2,173.8 HDD18 in the 1980s to 1,984.4 HDD18 in the 1990s, however, it increased to 2,149.1 HDD18 in the 2000s, 2,197.6 HDD18 in the 2010s, and 2,043.9 HDD18 in the 2020s. That is, the lowest HDD was observed in the 1990s.

      
        
        

        Fig. 4. 
				
        

        
          Heating degree-days from 1980s to 2020s across the 17 cities
        
        

        

      

      Fig. 5. shows the sum of the CDDs for each year for Jeju and Ulsan, where the change in CDD was the largest and smallest, respectively.

      In Jeju, the fluctuations were repeated between 1984 and 2023, however, there was an increase from 194.6 CDD24 in 1984 to 365.0 CDD24 in 2023. Notably, the highest CDD was observed in 2022 with a 383.2 CDD24. In Jeju, the average CDD for the entire period was 215.1 CDD24, with a difference of 149.9 CDD24 from 2023, exhibiting a significant increase in the CDD. Ulsan, like Jeju, experienced fluctuations from 1984 to 2023, however, it showed a decrease from 198.85 CDD24 in 1984 to 172.7 CDD24 in 2022. The highest CDD in Ulsan was observed in 1994 with a 322.5 CDD24, and the average CDD for the entire period was 164.9 CDD24, with a difference of 7.7 CDD24 from 2023. This shows that the CDD is constantly fluctuating.

      
        
        

        Fig. 5. 
				
        

        
          Annual cooling degree-days for Jeju and Ulsan
        
        

        

      

      Fig. 6. shows the trend of the annual HDD in Cheongju, where the HDD decreased continuously from the 1980s to the 2020s, and in Mokpo, where the HDD was the highest in the 1990s. Fig. 6. also shows that the increase and decrease of the HDD was repeated in Cheongju from year to year, with a decrease of 906.3 HDD18, from 3,061.8 HDD18 in 1984 to 2,155.6 HDD18 in 2023. The average HDD in Cheongju over the entire period was 2,566.5 HDD18, which shows a difference of 410.9 HDD18 from 2023. In Mokpo, the HDD decreased from 2,329.9 HDD18 in 1984 to 1,974.9 HDD18 in 2023, however, the trend line generated based on the fluctuations is in an upward direction, showing an increasing HDD trend. The average HDD in Mokpo during the whole period was 2,113.2 HDD18, which shows a difference of 138.3 HDD18 from 2023.

      
        
        

        Fig. 6. 
				
        

        
          Annual heating degree-days for Cheongju and Mokpo
        
        

        

      

      To compare the increase and decrease of heating and cooling degree-days by region, Table 1. lists the slope of the trendline of the heating and cooling degree-days from 1984 to 2023. The slope of the trendline indicates the rate of change in the degree-days over the entire period (1984~2023). A negative slope of the trendline for the HDD indicates a decreasing trend in the degree-days over the entire period, and a smaller slope indicates a greater decrease in HDD. Conversely, a positive slope indicates an increasing trend in HDD. In the case of CDD, unlike HDD, a greater slope of the trendline indicates a greater increase in the CDD over the entire period.

      
        Table 1. 
				
        

        
          Trendline slopes for heating and cooling degree-days across the 17 cities from 1984 to 2023
        
        

      

      
        
          
            	City
            	Trendline slope
          

          
            	HDDs
            	CDDs
          

        
        
          	Busan
          	-5.4
          	1.4
        

        
          	Cheongju
          	-12.9
          	3.3
        

        
          	Chuncheon
          	-6.3
          	2.4
        

        
          	Daegu
          	-5.1
          	2.2
        

        
          	Daejeon
          	-7.9
          	2.2
        

        
          	Gangneung
          	-8.9
          	2.7
        

        
          	Gwangju
          	-9.0
          	2.4
        

        
          	Incheon
          	-7.5
          	1.8
        

        
          	Jeju
          	-9.2
          	3.6
        

        
          	Jeonju
          	-8.2
          	1.8
        

        
          	Jinju
          	-4.6
          	1.3
        

        
          	Mokpo
          	1.0
          	1.5
        

        
          	Pohang
          	-6.1
          	2.2
        

        
          	Seosan
          	-4.4
          	1.2
        

        
          	Seoul
          	-6.9
          	3.1
        

        
          	Suwon
          	-8.9
          	2.7
        

        
          	Ulsan
          	-5.4
          	0.7
        

      

      

      In Table 1., the slope of the HDD trendline from 1984 to 2023 in Busan is -5.4, which indicates a decreasing trend. During the same period, the slope of the CDD trendline is 1.4, which indicates an increasing trend.

      The largest decrease in the HDD was in Jeju, with a trendline slope of -9.2. On the other hand, HDD increased in Mokpo, where the trendline slope was 0.96. It was also observed that the HDD decreased continuously in all the regions except for Mokpo. For CDD, Jeju had a trendline slope of 3.58, which was the highest, and even Ulsan, which had the lowest slope, showed an increasing trend with a slope of 0.67.

      While the increasing/decreasing trend of the heating and cooling degree days varied from region to region, the HDD showed a decreasing trend and the CDD exhibited an increasing trend.

    

    

  
    
      5. Conclusion
      In this study, the changes in the dry-bulb temperature, and the heating and cooling degree-days were analyzed using 40 years of historical meteorological data, from 1984 to 2023, to investigate the changes in weather conditions caused by the climate change.

      In this analysis, the dry-bulb temperature changes in four representative cities were depicted based on the categorized regions (Central Region I, Central Region II, Southern Region, and Jeju). As a result of listing the annual average outdoor dry-bulb temperatures from 1983 to 2023, it was established that the overall trend increased, while the fluctuations (increase/decrease) was repeated in each year from the past to the present. Furthermore, the seasonal temperature trend was analyzed using the 10-year moving averages, and it was determined that the moving average temperature continuously increased in spring, summer, and fall except for some years. In winter, the average temperature decreased from 2009 to 2013 in all the regions, and the average temperature exhibited an increasing trend from 2017 or 2018 to 2023.

      In the analysis of the cooling and heating degree-days, the magnitude of the increase and decrease varied from region to region, however, overall, the CDD showed an increasing trend, and the HDD showed a decreasing trend. Comparing the 1980s and 2020s, it was observed that the CDD increased in all the regions, particularly in Jeju, where the CDD more than doubled in 2023 compared to 1984 on a year-on-year basis. In contrast to the CDD, the HDD decreased in all the regions. In Cheongju, the HDD decreased from 3,061.8 HDD18 in 1984 to 2,155.6 HDD18 in 2023. This is similar to the results of previous studies on heating and cooling degree-days [19, 20], thereby indicating the need for further research on the heating and cooling energy demand and energy consumption because of the climate change impact.

      In the scope of this study, the base temperature for calculating the heating and cooling degree days was 18℃ for HDD (HDD18) and 24℃ for CDD (CDD24), rather than 18.3℃ as recommended by the ASHRAE. This resulted in a slightly larger HDD and a slightly smaller CDD than the results calculated using the base temperature recommended by the ASHRAE. The changes in the dry-bulb temperature and degree-days were also analyzed based on the weather data from the past to the present, and the outdoor conditions will continue to change owing to the effects of climate change. Because changes in the outdoor conditions causes changes in future energy demands and consumption [11, 21-23], further research is required to analyze the energy consumption and calculate the equipment capacity considering the climate change.
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