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Abstract

:

This study aims to analyze the actual heating energy consumption according to the location and size of apartment houses. The study shows the variation in heating energy consumption in accordance with the living pattern of residents in such apartments. By calculating the average annual heating energy consumption and distribution of the measured heating energy of two years, it was found that the outdoor temperature was inversely proportional to the average heating energy consumption. Moreover, the lowest/highest floors and corner houses were the most vulnerable since they had a lot of area exposed to the outside air and, thus, consume a huge amount of heating energy. According to this study, the heating load had relevance to the factors such as wall loss, window loss, ventilation loss, and solar radiation gain that were analyzed in accordance with the growth in house size. Based on the survey outcome on the living pattern and number of residents, a simulation was conducted to analyze the variation in heating energy consumption. Households consumed the average heating energy for 15.8 h/day and occupied for 16.4 h/day. Households consumed more than the average heating energy for 22.2 h/day and occupied for 21.2 h/day, meaning 6.4 extra hours than those consuming the average heating energy. Households consumed less than the average heating energy for 5.2 h/day and occupied for 10.9 h/day, meaning 10.6 less hours/day than those consuming the average heating energy and 17 less hours/day than those consuming more than the average heating energy.
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1. Introduction


Building energy takes up the largest portion of greenhouse gas emission and energy consumption by 36%. As environmentally friendly low-energy building technology has come to the fore, the goal is to ensure every new apartment building that will be built from 2025 to be a zero-energy house, which is a 100% energy-independent building generating zero carbon emission. The government also intends to save building energy and cut down greenhouse emissions by enforcing the Green Building Creation Support Act. Although existing research examines energy reduction studies and application plans supported by changes in the building planning factors such as direction and floor of houses as well as the enhancement in building materials, they have not been realized due to economic feasibility [1,2]. In a recent study, an annual simulation and economic analysis on orientation of office buildings were conducted for four cities with different Iranian climates [3]. As a result of the analysis, in the east–west orientation, energy saving was up to 13.6%, and the value of the simple payback period was also evaluated to be lower than in the north–south orientation. However, analysis of residents’ behavior was not included. According to the existing study, the behavior of residents is the main influence on the total energy consumption and the behavior of building dwellers is attributable to a twofold energy consumption deviation [4,5]. The study also revealed that the variation in energy consumption within the same building was caused by the difference in living pattern of residents, density of occupation, and building environment system [6,7]. In particular, Shin [8,9] developed an algorithm for occupant-based heating control and conducted a study applying it. The accuracy of the algorithm developed based on indoor CO2 concentration and passive infrared (PIR) signals was evaluated as 83.5–98.9%. In addition, it was analyzed that the optimal heating start and stop time was found through simulation and the heating energy consumption was reduced by up to 3.1%. In addition, it was found that the thermal discomfort time was reduced from 62.5 to 8.3 h. The limitations of existing studies include that results were derived only by simulation and comparative verification with measured data, and the behavior of residents, a major influencing factor of heating energy, was not considered, and there is no comprehensive research.



The novelty of this study is divided into three. First, while most of the existing studies were simulated, this study aims to analyze the measured heating energy of the selected flat-type apartment, the most common type of apartment in Korea, and verify the results through simulation reflecting the resident survey. Second, the actual heating energy consumption of apartment houses is analyzed by location and size of the house, and the heating load factors are classified into ventilation loss, window loss, wall loss, solar heat increase, human heat generation, and facility heat generation. Finally, this study has novelty that was not present in previous studies by investigating patterns of residents and analyzing variation in heating energy. This study looked into a total of two years of measured heating energy in the winter season between November 2010 and March 2011 (hereinafter referred to as ‘2010 measured data’) as well as November 2011 to March 2012 (hereinafter referred to as ‘2011 measured data’), and categorized the consumption by different house sizes (35, 84, and 164 m2). The study also calculated the annual heating energy by accumulating the heating energy from November to March and compared between the measured average monthly heating energy and monthly outside air temperature measured by KMA (Korea Meteorological Administration). The measured heating energy from each household was identified by house size and location. Lastly, the study analyzed the variation in heating energy consumption according to the residents’ living patterns to determine how the behavior of residents affects their energy consumption. Figure 1 shows the study flow chart.




2. Materials and Methods


2.1. Subject and Method of Evaluation


Apartment Houses Subjected to Evaluation


This study analyzes the apartment houses located in Seongnam city, Gyeonggi Province, where the actual heating energy consumption in the winter season through district heating was obtained. For the study, three buildings with different exclusive private areas within the housing complex were selected. They were all flat-type apartment houses. The subjects are shown in Table 1 and were modeled and simulated by placing nearby buildings according to the apartment-housing layout in order to consider the impact of solar shading from those nearby buildings. A total 240 households composed of 120 households sized 35 m2, 70 households sized 84 m2, and 50 households sized 164 m2, were evaluated





2.2. Simulation


This study compared between the simulation inputting the envelope composition materials of apartment houses and the measured heating energy. It examined the influence of loss or gain of heating load elements on the increasing heating energy consumption as the size of exclusive private area of households grew (Refer to Section 3.5). In addition, to verify that the residents’ living patterns (reflecting the density of occupancy and hours of heating use) and the number of residents were the reasons behind the differences in heating energy consumption from the same building (Refer to Section 4.5), the study conducted a resident survey on living patterns and reflected such outcome into the simulation.



2.2.1. Evaluation Tools for Simulation


The heating energy analysis program used in this study is EnergyPlus, which enables text-based input and selection, and uses the same engine as the DOE-2 and BLAST programs. In addition, it can be linked with Google SketchUp and is a program that calculates the building energy using numeric analysis based on heat balance algorithms. Additionally, LBNL Window 7 program was used for calculating the g-value and visible transmittance value of windows that met the criteria of heat transmission coefficient being inputted.




2.2.2. Input Criteria for Simulation


In this study, regarding the outer wall, floor, roof, and outside window components, the heat transmission coefficient by each region constructed on the apartment house was applied as a material property. The below Table 2 shows the set value of material property for envelope composition.



Regarding the material property from Table 2, the set temperature of heating, air change per hour, electric power heating value, and heat from people referred to the Operational Regulation on the Certification of Building Energy Efficiency [10]. The weather data for simulation utilized the KMA’s data regarding Seoul region, which is the nearest to the studied apartment house. Additionally, the mid-floor houses were simulated as a benchmark. Since the mid-floors had both upper and lower neighbors to their border of roofs and floors, adiabatic process was set up.






3. Analysis of the Measured Heating Energy Data


The measured values of actual heating energy consumption targeting 240 households sized 35, 84, and 164 m2 were analyzed. During the data analysis, households that consumed zero energy from November to March were excluded from the calculation of average consumption of heating energy.



3.1. Analysis of the Measured Heating Energy by Household Size


3.1.1. Measured Annual Average Heating Energy Consumption from Households Sized 35 m2


The below Figure 2 shows the distribution of measured annual average heating energy consumption from 120 households sized 35 m2.



The average heating energy consumption per unit area of 120 households sized 35 m2 was measured at 69.7 kWh/m2·a in 2010 and 58.6 kWh/m2·a in 2011. The average heating energy consumption that was revised by excluding the households with zero consumption from November to March was measured at 83.0 kWh/m2·a in 2010 and 70.8 kWh/m2·a in 2011.




3.1.2. Measured Annual Average Heating Energy Consumption from Households Sized 84 m2


The below Figure 3 shows the distribution of annual average heating energy consumption from 70 households sized 84 m2 in 2010 and 2011.



The average heating energy consumption per unit area of 70 households sized 84 m2 was measured at 51.0 kWh/m2·a in 2010 and 39.6 kWh/m2·a in 2011. The average heating energy consumption that excluded the households with zero consumption during November and March was measured at 53.9 kWh/m2·a in 2010 and 43.4 kWh/m2·a in 2011.




3.1.3. Annual Average Heating Energy Consumption by Households Sized 164 m2


The below Figure 4 shows the distribution of annual average heating energy consumption from 50 households sized 164 m2 in 2010 and 2011.



The average heating energy consumption per unit area of 50 households sized 164 m2 was measured at 38.1 kWh/m2·a in 2010 and 33.4 kWh/m2·a in 2011. The average heating energy consumption that excluded the households with zero consumption during November and March was measured at 41.3 kWh/m2·a in 2010 and 35.3 kWh/m2·a in 2011.





3.2. Comparison between the Measured Monthly Heating Energy Consumption by Household Size and the Outside Temperature


Figure 5 classified the measured monthly average heating energy consumption from 2010 to 2011 by house size. Figure 5 shows a graph comparing the monthly outside temperature data of 2010 with that of 2011 provided by KMA.



The lowest outside temperature during the winter season of 2010 and 2011 was in January. From Figure 5, when the outside temperature of January 2010 was −7.2 °C, the measured average heating energy consumption was the highest of the year, recording 18.3 kWh/m2·a from 35 m2 houses, 11.7 kWh/m2·a from 84 m2 houses, and 9.8 kWh/m2·a from 164 m2 houses. From Figure 5, given that the lowest temperature of January 2011 was −2.8 °C, the measured average heating energy consumption was the highest of the year, recording 17.2 kWh/m2·a from 35 m2 houses, 10.9 kWh/m2·a from 84 m2 houses, and 9.4 kWh/m2·a from 164 m2 houses. Additionally, the highest outside temperature during the winter season was in November. From Figure 5, when the outside temperature of November 2010 was 6.5 °C, the measured average heating energy consumption was the lowest of the year, recording 14.4 kWh/m2·a from 35 m2 houses, 8.7 kWh/m2·a from 84 m2 houses, and 6.6 kWh/m2·a from 164 m2 houses. From Figure 5, given that the highest temperature of November 2011 was 10.7 °C, the measured average heating energy consumption was the lowest of the year, recording 9.9 kWh/m2·a from 35m2 houses, 5.3 kWh/m2·a from 84 m2 houses, and 4.3 kWh/m2·a from 164 m2 houses.



Since the monthly outside temperature of 2010 was lower than that of 2011, the monthly average heating energy consumption of 2010 was larger accordingly. The average heating energy consumption from 35 m2 houses recorded 83.0 kWh/m2·a in 2010, larger than 70.8 kWh/m2·a recorded in 2011. A similar trend was witnessed from 84 and 164 m2 houses, respectively. The graph in Figure 5 indicates that the average heating energy consumption is inversely proportional to the outside temperature.




3.3. Maximum and Minimum Values of Measured Monthly Heating Energy Consumption by Household Size


3.3.1. Maximum and Minimum Values of Measured Monthly Heating Energy Consumption from Households Sized 35 m2


The below Figure 6 shows the maximum and minimum values of measured monthly heating energy consumption from 35 m2 houses in 2010 and 2011.



The measured monthly average heating energy consumption in 2010 and 2011 reached the maximum in January when the temperature was the lowest and the minimum in November when the temperature was the highest during the winter season. Such findings imply that the outside temperature and the measured monthly average heating energy consumption are inversely proportional. Still, as shown in Figure 6, the maximum heating energy consumption in January 2010 from 35 m2 houses was 50.5 kWh/m2·a, failing to be the highest of the year. Meanwhile, the maximum heating energy consumption in January 2011 was 67.3 kWh/m2·a, being the highest of the year.




3.3.2. Maximum and Minimum Values of Measured Monthly Heating Energy Consumption from Households Sized 84 m2


The below Figure 7 shows the maximum and minimum values of measured monthly heating energy consumption from 84 m2 houses in 2010 and 2011.



From Figure 7, the measured average heating energy consumption in November 2010 and 2011 from 84 m2 houses reached the lowest by 8.7 and 5.3 kWh/m2·a, respectively, in reverse proportion to the highest outside temperature during the winter season. However, the measured minimum heating energy consumption was 1.1 kWh/m2·a in November 2010, failing to be the lowest of the year, and 0.1 kWh/m2·a in 2011, posting the lowest.




3.3.3. Maximum and Minimum Values of Measured Monthly Heating Energy Consumption from Households Sized 164 m2


The below Figure 8 shows the maximum and minimum values of measured monthly heating energy consumption from 164 m2 houses in 2010 and 2011.



From Figure 8, the measured maximum heating energy consumption from 164 m2 houses recorded 43.4 kWh/m2·a in December 2010, meaning that January was not the highest. However, in January 2011, the measured maximum heating energy consumption recorded 32.3 kWh/m2·a, which was the highest of the year.



As shown in the graphs in Figure 6, Figure 7 and Figure 8, it was found that the maximum and minimum values of measured heating energy consumption by household size were uniformly in reverse proportion to the outside temperature. Such analysis indicates that despite the same household size and outside condition, the energy consumption of households can differ by going above or below the average usage level depending on the residents’ living patterns and number of residents.





3.4. Analysis of the Measured Heating Energy Consumption According to Household Location


Below the measured heating energy consumption from 84 m2 houses as well as the variation in heating energy by floor location and room number is analyzed.



3.4.1. Comparison of the Measured Heating Energy Consumption from the Households Sized 84 m2 by Floor Location


Figure 9 shows the distribution graph of measured heating energy consumption from all floors (by the height of household) in 2010 and 2011.



Table 3 comparatively analyzes the measured heating energy consumption by each floor including the lowest, middle, and highest floors. The 1st floor was evaluated as the lowest floor since its surface bordered to the outside air. As for the mid-floors, the measured heating energy consumption from the 2nd to 18th floors was averaged. As for the highest floor, the measured heating energy consumption of the 19th floor whose roof touched the outside air was measured.



As a result of comparing the measured heating energy consumption of 2010 and 2011 by floor location, the mid-floors were measured at 50 and 41 kWh/m2·a whereas the lowest floor recorded 96 and 68 kWh/m2·a and the highest floors posted 103 and 75 kWh/m2·a. The reason why the lowest and highest floors showed larger heating energy consumption than the mid-floors was assumed to be due to the heat loss occurring through the roof and floor.




3.4.2. Comparison of the Measured Heating Energy from the Households Sized 84 m2 by Room Number


Figure 10 shows the distribution graph of measured heating energy consumption of all floors by room number in 2010 whereas Figure 11 shows that in 2011.



When averaging out the distribution of measured heating energy in 2010 by room number, house no. 1 and no. 4 on the corner showed higher average heating energy consumption (70.6 and 52.1 kWh/m2) than those from mid-floors (41.9 and 50.3 kWh/m2·a). The reason why households on the corner-side showed higher heating energy consumption than those from mid-floors was because they had more space bordering the outside air and, thereby, leading to the rise in wall loss. The average heating energy consumption of house no. 1 and no. 4 on the corner in 2011 were 57.4 and 47.1 kWh/m2·a, being larger than 32.9 and 35.6 kWh/m2·a from mid-floors (household no. 2 and no. 3). Since the outside temperature was lower in 2010 than in 2011 (see Figure 5), the measured average heating energy consumption by room number was higher in 2010 than in 2011.





3.5. Analysis of the Measured Annual Heating Energy Consumption According to the Growth in Household Size


Table 4 classified the monthly heating energy consumption in 2010 from the households sized 35, 84, and 164 m2 whereas Table 5 shows that in 2011.



As shown in Table 4 and Table 5, when the household size becomes larger, the measured annual heating energy consumption increases to 3.2, 5.4, and 7.7 MWh in 2010 as well as 2.7, 4.2, and 6.7 MWh in 2011.




3.6. Analysis of the Measured Annual Heating Energy Consumption According to the Growth in Household Size


Table 6 shows the annual heating energy consumption per unit area of 2010 and 2011 as well as the flat surface of each household and building.



Figure 11 shows the measured heating consumption and the heating energy per unit area.



As shown in Figure 11, when the household size becomes larger, the measured annual heating energy consumption increases whereas the heating energy per unit area decreases. To analyze such, a simulation was conducted.





4. Comparison between the Measured Average Energy Consumption and the EnergyPlus Simulation


4.1. Simulation for Analyzing the Heating Load and Heating Load Elements According to Household Size


EnergyPlus was operated for the simulation to analyze the cause of decreasing heating energy consumption per unit area according to the growth in house size. The material property of envelop composition in Table 2 was entered as an input for simulation while the KMA’s 2010 Seoul region data were used to create weather data. Figure 12 shows the simulation results of heating energy consumption and heating load per unit area.



According to the simulation results of Figure 12, as the house size grew, the annual heating energy consumption increased while the heating load per unit area decreased. Table 7 and Table 8 examined the impact of heating load elements on the heating load as the house size grew. In the process of such analysis, the annual heating energy consumption and heating load were sorted by ventilation loss, wall loss, window loss, solar heat gain, heat from people, and heat from equipment.



When splitting up the annual heating energy consumption per unit area, the heating load usage per unit area also saw equal values or increase in window loss, solar heat gain, heat from people, and heat from equipment as the house size grew. According to Table 8, as the house size grow by about 2.4 times from 35 to 84 m2, the heating load decreases due to the declining wall loss and the rising solar heat gain. According to Table 9, the households sized 35 and 84 m2 both show equal heating load usage (1.9 MWh) for wall loss regardless of the growth in house size. Therefore, when splitting up such households per unit area, Table 8 shows that the wall loss per unit area greatly decreases from 41.2 kWh/m2·a for the 35 m2 house to 18.4 kWh/m2·a for the 84 m2 house. If referring to the floor plan of different house sizes in Table 8, the 35 m2 house is vertically long with a relatively large wall area whereas the 84 m2 house is horizontally long with a large window area. Although the wall area is similar between two different house sizes, the window area greatly increases in case of the 84 m2 house. Therefore, although the households sized 35 and 84 m2 both show 1.9 MWh for wall loss, the solar heat gain jumps about fivefold from 0.8 MWh for the 35 m2 house to 4.2 MWh for the 84 m2 house, reducing the heating load from that of the 35 m2 house. According to Table 7, as the house size doubles from 84 to 164 m2, the increased rate of ventilation loss falls short of twofold from 7.5 to 11.8 MWh. Therefore, when splitting up such households per unit area, Table 8 shows that the ventilation loss per unit area reduces from 71.8 kWh/m2·a for the 35 m2 house to 58.6 kWh/m2·a for the 84 m2 house. In summary, as the house size grows, the ventilation loss and wall loss among the elements of annual heating load usage will remain the same or increase but to a lesser extent than the growth rate of house size. Such factors lead to a decline in heating load per unit area.




4.2. Ratio between Volume and Elevation Area (AV Value) According to the Growth in Household Size


Although the shape of the building is the same, the amount of load varies according to the W/D ratio while the length, width, and height of the building have an impact on the solar heat gain and the amount of external heat loss [11]. For this reason, the index for building volume ratio is used to design in a way to reduce the heat loss from the external building environment. Figure 13 shows the calculation of the ratio between volume and elevation area based on the following Equation (1).


Ratio between volume and floor area (AV value) = Ratio between floor area(A)/volume(v)



(1)







According to Figure 13, as the house size grows, the AV values decreases to 0.7, 0.39, and 0.29. The lower the ratio between volume and elevation area (AV value) is, the lesser the impact from the heat gain or heat loss from radiation and convection [11]. In summary, as the house size grows in Figure 12, the annual heating load per unit area decreases because the impact of heat gain or heat loss from convection becomes smaller.




4.3. EnergyPlus Simulation


For the overview of simulation, refer to Section 2 while the schedule for people and equipment is set up as follows.



4.3.1. People Schedule Setup


As shown in Figure 14, the ratios of occupancy by residents during weekdays and weekends were entered in EnergyPlus as an hourly schedule by using the 2009 time use survey data from Statistics Korea for simulation [12].




4.3.2. Indoor Equipment Schedule Setup


The schedule of using indoor equipment from Figure 15 referred to the estimation method of housing sector electricity consumption using the time for living activities [13,14]. By referring to the estimation method of electricity consumption based on statistical data such as the population and housing survey and people’s time use survey, this schedule of using indoor equipment was entered into EnergyPlus for simulation.





4.4. Comparison between the Measured Average Energy Consumption and the Simulation


Figure 16 shows the comparison of heating energy simulation results from mid-floor houses and 84 m2 houses using the measured average heating energy consumption of 84 m2 houses in 2010 and Seoul region’s weather data in 2010.



When comparing between the measured average heating energy consumption by room and the simulation results, 50.3 kWh/m2·a from room No. 3 was similar to the simulation result of 52.4 kWh/m2·a. Additionally, room No. 1 and 4 of corner houses that border to outside air showed larger heating energy consumption than mid-floor houses in terms of both simulation and actual measured results.




4.5. Analysis of the Variation in Heating Energy Consumption According to Residents’ Living Patterns


Through the survey on measured heating energy, it was found that the heating energy consumption by each household differed despite the same size and envelope performance [15,16,17,18]. This was due to the residents’ living patterns, occupancy patterns, usage of home appliances, and number of residents. The following Table 9 indicates the survey items and details used to analyze the impact on the heating energy consumption.
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Table 9. Survey details and simulation overview.






Table 9. Survey details and simulation overview.





	
Items

	
Survey Details






	
No. of residents

	
Survey




	
Occupancy schedule

	
Survey on weekdays and weekends




	
Heating on/off schedule

	
Survey of heating on/off per hour during weekdays/weekends

on a monthly basis (November, December, January, February, March)




	
Heating setpoint temperature

	
23 °C (References [19,20,21,22])




	
Equipment and lighting schedule

	
Survey from Statistics Korea (References [13,14])—Figure 16




	
Air change per hour (ACH)

	
Heating

	
0.7 ACH

	
Refer to the Operational Regulation on the Certification of Building Energy Efficiency [10]




	
Non-heating

	
2.0 ACH




	
Occupancy density

	
1.44 W/m2




	
Equipment density

	
3.24 W/m2









Among the 84-m2-sized mid-floor houses of room No. 2 and 3, a total of 12 households (6 households showing average energy consumption, 3 households showing more than the average, and 3 households showing less than the average) were selected for the survey. The simulation reflecting such survey results was compared with the measured heating energy consumption.




4.6. Comparison between the Simulation and the Actually Measured Value from the Households Consuming the Average


Table 10 shows the survey results of 6 households consuming the average heating energy of 41.9~50.3 kWh/m2·a among the 84-m2-sized mid-floor houses of room No. 2 and 3 from Figure 16.



Table 11 and Figure 17 indicate the survey results of heating hour and occupancy hour of 6 households consuming a heating energy of 43.6~51.5 kWh/m2·a as well as the simulation and actual measured values.



According to Figure 17, the simulation reflecting the survey results of households consuming the average heating energy amount showed similar results to the measured heating energy consumption. Except for case 1, cases 2~5 showed slightly higher simulation results than the measured heating energy consumption. Among the 6 cases in Table 11, the households consumed the average heating energy for 15.8 h/day and for 16.4 h/day. The households from cases 1, 5, and 6 occupied an average of 14.6, 13.3, and 12.9 h/day and had similar numbers of residents (4 people) as shown in Table 12. According to Table 13, the households from case 1 consumed the average heating for 14.4 h/day at 47.4 kWh/m2·a of heating energy whereas the households from cases 5 and 6 consumed the average heating for 15 and 16 h/day at 50.4 and 53.5 kWh/m2·a, respectively.




4.7. Comparison between the Simulation and the Actually Measured Value from the Households Consuming More Than the Average


Table 12 shows the survey results of 3 households consuming more than the average heating energy of 41.9~50.3 kWh/m2·a among the 84-m2-sized mid-floor houses from Figure 16.



Table 13 and Figure 18 indicate the survey results of heating hour and occupancy hour of 3 households consuming a heating energy of 63.3~70.2 kWh/m2·a as well as the simulation and actual measured values.



According to Figure 18, except for case 7, cases 8 and 9 showed slightly lower simulation results than the measured heating energy consumption. From Table 13, the households consumed more than the average heating energy for 22.2 h/day and occupied for 21.2 h/day. Accordingly, the heating hour and occupancy hour increased compared to the households from cases 1~6 from Table 11 that consumed the average heating energy. From Table 13, the households from cases 7 and 8 consumed the average heating energy for 21.6 and 21.0 h/day and occupied for 21.8 and 20.5 h/day. Although the heating hour and occupancy hour of the two households were similar, the heating energy recorded differently by 65.9 and 59.6 kWh/m2·a, respectively. Such difference was because the household from case 7 had 1 resident whereas the household from case 8 had 3 residents showing higher heat from people and thereby consumed less heating energy.




4.8. Comparison between the Simulation and the Actually Measured Value from the Households Consuming Less Than the Average


Table 14 shows the survey results of 3 households consuming less than the average heating energy of 41.9~50.3 kWh/m2·a among the 84-m2-sized mid-floor houses from Figure 16.



Table 15 and Figure 19 indicate the survey results of heating hour and occupancy hour of 3 households consuming a heating energy of 16.2~24.6 kWh/m2·a as well as the simulation and actual measured values.



From Figure 19, the 3 households consuming less than the average heating energy showed a slightly higher simulation than the measured heating energy consumption. The households consumed less than the average heating energy for 5.2 h/day and occupied for 10.9 h/day. Accordingly, their heating hours and occupancy hours declined compared to the households from cases 1~6 that consumed the average heating energy for 15.8 h/day and occupied for 16.4 h/day and greatly differed from the households from cases 7~9 that consumed more than the average heating energy for 22.2 h/day and occupied for 21.2 h/day.



According to Table 14, the households from cases 11 and 12 had 4 and 5 residents, respectively, and their occupancy hours were similar by showing 10.6 and 9.4 h/day from Table 15. Meanwhile, the average heating hour declined from 6.9 h/day for case 11 to 4.2 h/day for case 12. Accordingly, as a result of simulation in Table 15, the heating energy declined from 28.4 kWh/m2·a for case 11 to 19.0 kWh/m2·a for case 12. The measured heating energy consumption also dropped from case 11 to case 12. According to the households from cases 10 and 12 from Table 15, the average heating hour was similar by showing 4.6 and 4.2 h/day. However, the occupancy hour of 12.6 h/day for case 10 was higher than 9.4 h/day for case 12. Still, the simulation results showed similar level of heating energy by posting 20.7 and 19.0 kWh/m2·a, respectively. This implied that the impact from occupancy hour was small. If the heating hour was similar, the heating energy showed a similar level as well.





5. Conclusions


The results of this study are outlined as follows:




	(1)

	
Since the outside temperature in the winter season of 2010 was lower than that of 2011, the annual heating energy consumption was higher in 2010 than in 2011. As the average heating energy of 84 m2 houses was the lowest in November (showing the highest outside temperature amid the winter season) by recording 8.7 kWh/m2·a in 2010 and 5.3 kWh/m2·a in 2011 whereas it was the highest in January (showing the lowest outside temperature amid the winter season) by recording 11.7 kWh/m2·a in 2010 and 10.9 kWh/m2·a in 2011, it was found that the outside temperature was inversely proportional to the heating energy consumption. Meanwhile, the maximum and minimum heating energy values were not uniformly in reverse proportion to the outside temperature. That was because the heating energy consumption of the households of the same size and condition could be more than or less than the average due to the residents’ living pattern and number of residents.




	(2)

	
The average heating energy consumption of mid-floors was 50 kWh/m2·a in 2010 and 41 kWh/m2·a in 2011. However, the average heating energy consumption of the lowest floor was 96 kWh/m2·a in 2010 and 68 kWh/m2·a in 2011 while the highest floor was 103 and 75 kWh/m2·a, respectively. The reason behind higher energy consumption of highest/lowest floors was that those floors suffered more heat loss through the roof and floor than mid-floors. Additionally, when analyzing the measured heating energy consumption of 2010 by room number, household room no. 1 and no. 4 from the corner-side having larger area exposed to the outside air showed higher average heating energy consumption (57.4 and 47.1 kWh/m2·a) than mid-floors. (32.9 and 35.6 kWh/m2·a) Research will be needed to reduce the difference by applying phase change materials, etc., in the future to the part where the heating load of the lowest and highest floor is larger than that of the mid-floors.




	(3)

	
As the house size grows, the measured annual heating energy of 2010 and 2011 increases whereas the heating energy per unit area decreases. As a result of analyzing the heating load elements per unit area through simulation, when the house size expands from 35 to 84 m2 by about 2.4 times, the wall loss per unit area decreases and the solar heat gain increases and, thereby, reducing the heating load. When the unit area doubles from 84 to 164 m2, the ventilation loss jumps from 7.5 to 11.8 MWh by not more than twofold. Accordingly, the ventilation loss per unit area of 84 m2 houses declines. Among each element of annual heating load usage, the ventilation loss and wall loss remained the same or increased as the house size grew but at a lesser rate than the house size growth rate. Therefore, the heating load per unit area declined.




	(4)

	
As the house size increased, the ratio between volume and elevation area (AV value) dropped to 0.7, 0.39, and 0.29. The lower the ratio between volume and elevation area (AV value) is, the lesser the impact from the heat gain or heat loss from radiation and convection. In conclusion, as the house size grows, the annual heating load per unit area decreases.




	(5)

	
The following is the outcome of the simulation reflecting the survey on the living pattern of households that consumed the average, more than the average, and less than the measured average heating energy. Households consumed the average heating energy for 15.8 h/day and occupied for 16.4 h/day. Households consumed more than the average heating energy for 22.2 h/day and occupied for 21.2 h/day, meaning 6.4 extra hours than those consuming the average heating energy. Households consumed less than the average heating energy for 5.2 h/day and occupied for 10.9 h/day, meaning 10.6 less hours/day than those consuming the average heating energy and 17 less hours/day than those consuming more than the average heating energy.









This study conducted a comparative analysis on the variation in heating energy consumption according to the residents’ living pattern and behavior of usage as a method of energy savings. The outcome will serve as basis data in efficiently managing actual energy users in consideration of their behavior of energy usage as well as establishing policies and educational directions. For in-depth analysis in future studies, verification through long-term measured data for more than two years, performing various climate-specific analyses for universal application, and an increase in the number of samples when investigating resident patterns are necessary.
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Figure 1. Study flow chart. 






Figure 1. Study flow chart.
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Figure 2. Analysis of the measured heating energy consumption from households sized 35 m2. 
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Figure 3. Analysis of the measured heating energy consumption of households sized 84 m2 in 2010 and 2011. 
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Figure 4. Analysis of the measured heating energy consumption of households sized 164 m2 in 2010 and 2011. 
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Figure 5. Comparison between the measured monthly average heating energy consumption by house size and the outside temperature. 
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Figure 6. Maximum and minimum values of monthly heating energy from households sized 35 m2. 
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Figure 7. Maximum and minimum values of monthly heating energy from households sized 84 m2. 
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Figure 8. Maximum and minimum values of monthly heating energy from households sized 164 m2. 
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Figure 9. Distribution of measured heating energy consumption by the height of households. 
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Figure 10. Distribution and measured average heating energy in 2010 and 2011 by room number. 
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Figure 11. Measured heating consumption and heating energy per unit area. 
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Figure 12. Simulated heating energy consumption and heating load per unit area (EnergyPlus). 
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Figure 13. Ratio between volume and elevation area (AV value). 
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Figure 14. People schedule from Statistics Korea’s survey. 
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Figure 15. Equipment schedule from Statistics Korea’s survey. 
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Figure 16. Comparison between the measured average heating energy consumption and the EnergyPlus simulation. 
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Figure 17. Comparison between the measured heating energy consumption and simulation as well as living pattern (case 1–6). 
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Figure 18. Comparison between the measured heating energy consumption and simulation as well as living pattern (case 7–9). 
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Figure 19. Comparison between the measured heating energy consumption and simulation as well as living pattern (case 10–12). 
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Table 1. Selection by type of apartment for evaluation.
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	Exclusive

Private Area
	Modeled Households
	Modeled Nearby Buildings





	35 m2

(120 households)
	 [image: Energies 15 03909 i001]
	 [image: Energies 15 03909 i002]



	84 m2

(70 households)
	 [image: Energies 15 03909 i003]
	 [image: Energies 15 03909 i004]



	164 m2

(50 households)
	 [image: Energies 15 03909 i005]
	 [image: Energies 15 03909 i006]
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Table 2. Set up value of material property for envelope composition of apartment houses subjected to evaluation.
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Division

	
Input Data

	
Set Value of Material Property






	
Setpoint

temperature

	
Heating

	
20 °C




	
Internal heat

	
Equipment

	
3.24 W/m2




	
People

	
1.44 W/m2




	
Number of residents

	
0.03 person/m2




	
Air change per Hour (ACH)

	
Heating space

	
0.7 ACH




	
Non-heating space

	
2.0 ACH




	
Wall

U-Value

	
Exterior wall

	
0.58 W/m2·K




	
Interior wall

	
0.64 W/m2·K




	
Roof/floor

	
Adiabatic (insulation)




	
Windows

U-Value

	
Exterior window

	
3.84 W/m2·K




	
Interior window

	
5.47 W/m2·K




	
Windows

properties

	
SHGC

(Solar Heat Gain Coefficient)

	
0.613




	
Visible transmittance

	
0.56
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Table 3. Analysis of measured heating energy consumption by the height of households.
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	(Unit: kWh/m2·a)
	2010
	2011





	Lowest floor (1st floor)
	96
	68



	Mid-floors (average between 2nd and 18th)
	50
	41



	Highest floor (19th floor)
	103
	75
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Table 4. Measured annual heating energy consumption according to the growth in household size in 2010.
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Size

	
2010~2011 (Unit: kWh)

	
Measured Heating Energy (Unit: MWh)




	
November

	
December

	
January

	
February

	
March






	
35 m2

	
569

	
647

	
703

	
706

	
587

	
3.2




	
84 m2

	
845

	
1095

	
1182

	
1099

	
1132

	
5.4




	
164 m2

	
1152

	
1791

	
1875

	
1344

	
1491

	
7.7
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Table 5. Measured annual heating energy consumption according to the growth in household size in 2011.
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Size

	
2011~2012 (Unit: kWh)

	
Measured Heating Energy (Unit: MWh)




	
November

	
December

	
January

	
February

	
March






	
35 m2

	
365

	
560

	
660

	
591

	
518

	
2.7




	
84 m2

	
487

	
939

	
1068

	
915

	
744

	
4.2




	
164 m2

	
792

	
1589

	
1782

	
1454

	
1099

	
6.7
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Table 6. Heating energy per unit area as well as flat surface of each household and building according to household size.
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Household

Size

	
Year of Measurement

	
Heating Energy

(kWh/m2·a)

	
Flat Surface of

Each Building

	
Flat Surface of

Each Household






	
35 m2

	
2010

	
83.0

	
 [image: Energies 15 03909 i007]

	
 [image: Energies 15 03909 i008]




	
2011

	
70.8




	
84 m2

	
2010

	
53.9

	
 [image: Energies 15 03909 i009]

	
 [image: Energies 15 03909 i010]




	
2011

	
43.4




	
164 m2

	
2010

	
41.3

	
 [image: Energies 15 03909 i011]
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2011

	
35.3
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Table 7. Annual heating load usage according to the growth in house size (EnergyPlus).
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Simulation of Annual Heating Load Usage (Unit: MWh)




	
Household Size

	
Ventilation Loss

	
Wall Loss

	
Window Loss

	
Solar Heat Gain

	
Heat from People

	
Heat from Equipment

	
Heating Energy Consumption






	
35 m2

	
2.3

	
1.9

	
0.4

	
0.8

	
0.3

	
0.3

	
3.2




	
84 m2

	
7.5

	
1.9

	
1.6

	
4.2

	
0.6

	
0.7

	
5.5




	
164 m2

	
11.8

	
4.1

	
2.8

	
8.0

	
1.2

	
1.3

	
8.1
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Table 8. Annual heating load per unit area according to the growth in house size (EnergyPlus).
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Simulation of Heating Load and Elements per Unit Area (Unit: kWh/m2·a)




	
Household Size

	
Ventilation Loss

	
Wall Loss

	
Window Loss

	
Solar Heat Gain

	
Heat from People

	
Heat from Equipment

	
Heating Load






	
35 m2

	
50.5

	
41.2

	
9.0

	
18.2

	
6.0

	
6.0

	
70.6




	
84 m2

	
71.8

	
18.4

	
14.8

	
40.2

	
5.9

	
6.3

	
52.6




	
164 m2

	
58.6

	
20.2

	
13.8

	
39.7

	
5.9

	
6.4

	
40.5
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Table 10. Survey results of residents consuming the average heating energy.
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	Case
	Selected Household
	No. of Residents
	Survey Results





	1
	Room No. 202
	4
	Salary worker, housewife, high school senior, high school junior



	2
	Room No. 303
	3
	Salary worker, salary worker, high school graduate



	3
	Room No. 503
	4
	Salary worker, housewife, elementary 1st grade, kindergartener



	4
	Room No. 603
	3
	Elderly couple, elementary 3rd grade



	5
	Room No. 1102
	4
	Salary worker, housewife, high school graduate, university student



	6
	Room No. 1303
	4
	Salary worker, salary worker, elementary 3rd grade and 6th grade
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Table 11. Survey results of heating energy, heating hour and occupancy hour (Case 1–6).
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Case

	
Heating Energy [kWh/m2·a]

	
Heating Hour [Hours/Day]

	
Occupancy Hour [Hours/Day]




	
Actually Measured Value

	
EnergyPlus

	
Weekday

	
Weekend

	
Average

	
Weekday

	
Weekend

	
Average






	
1

	
49.9

	
47.4

	
14.4

	
14.4

	
14.4

	
14.0

	
16.0

	
14.6




	
2

	
51.5

	
56.9

	
18.4

	
18.4

	
18.4

	
17.8

	
18.5

	
18.0




	
3

	
43.6

	
47.9

	
12.0

	
24.0

	
15.4

	
16.7

	
19.7

	
17.5




	
4

	
49.3

	
50.3

	
15.4

	
15.4

	
15.4

	
21.0

	
24.0

	
21.9




	
5

	
47.3

	
50.4

	
15.0

	
15.0

	
15.0

	
12.8

	
14.8

	
13.3




	
6

	
50.2

	
53.5

	
15.2

	
18.0

	
16.0

	
12.5

	
14.0

	
12.9




	
Survey average

	
15.1

	
17.5

	
15.8

	
15.8

	
17.8

	
16.4
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Table 12. Survey results of residents consuming more than the average heating energy.
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	Case
	Selected Household
	No. of Residents
	Survey Results





	7
	Room No. 703
	1
	Freelancer



	8
	Room No. 902
	3
	Elderly couple, salary worker



	9
	Room No. 1603
	4
	Salary worker, housewife, baby 1 and 2
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Table 13. Survey results of heating energy, heating hour, and occupancy hour (Case 7-9).
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Case

	
Heating Energy [kWh/m2·a]

	
Heating Hour [Hours/Day]

	
Occupancy Hour [Hours/Day]




	
Actually Measured Value

	
EnergyPlus

	
Weekday

	
Weekend

	
Average

	
Weekday

	
Weekend

	
Average






	
7

	
63.5

	
65.9

	
21.6

	
21.6

	
21.6

	
22.1

	
21.0

	
21.8




	
8

	
63.3

	
59.6

	
21.0

	
21.0

	
21.0

	
20.0

	
21.7

	
20.5




	
9

	
70.2

	
61.4

	
24.0

	
24.0

	
24.0

	
21.0

	
22.3

	
21.4




	
Survey average

	
22.2

	
22.2

	
22.2

	
21.0

	
21.6

	
21.2
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Table 14. Survey results of residents consuming less than the average heating energy.
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	Case
	Selected Household
	No. of Residents
	Survey Results





	10
	Room No. 402
	2
	Salary worker, salary worker



	11
	Room No. 1002
	4
	Salary worker, salary worker, university student 1 and 2



	12
	Room No. 1403
	5
	Salary worker, salary worker, university student 1, 2, and 3
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Table 15. Survey results of heating energy, heating hour, and occupancy hour (Case 10-12).
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Case

	
Heating Energy [kWh/m2·a]

	
Heating Hour [Hours/Day]

	
Occupancy Hour [Hours/Day]




	
Actually Measured Value

	
EnergyPlus

	
Weekday

	
Weekend

	
Average

	
Weekday

	
Weekend

	
Average






	
10

	
18

	
20.7

	
4.4

	
5.0

	
4.6

	
10.5

	
18.0

	
12.6




	
11

	
24.6

	
28.4

	
6.8

	
7.2

	
6.9

	
9.3

	
14.0

	
10.6




	
12

	
16.2

	
19.0

	
4.2

	
4.2

	
4.2

	
8.4

	
11.8

	
9.4




	
Survey average

	
5.1

	
5.5

	
5.2

	
9.4

	
14.6

	
10.9
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