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Abstract:



While a mixture of residential and non-residential uses in urban development has advantages in reducing transportation energy consumption and improving efficiency of land utilization, the patterns of energy consumption in mixed-use buildings are largely unknown. To understand associations between the built environment and energy consumption and to find effective strategies for energy saving, this study aims to examine how the gas and electricity energy consumption of mixed-use properties is influenced by the characteristics of the immediate surroundings of the building as well as by the building’s attributes. The sample for this study is 22,109 mixed-use buildings in Seoul, Korea and the main source of outcome is electricity and gas energy consumption data retrieved from the open system of building data in 2015 and 2016. The regression results showed that a higher proportion of non-residential uses in mixed-use buildings was positively associated with higher electricity consumption overall but that it reduced gas energy use during the winter. In particular, increased restaurant and service use significantly influenced electricity consumption in the buildings. With regard to surrounding built environment, higher impervious surfaces and dense development near the buildings increased the electricity consumption of the buildings but it reduced gas energy consumption. Our results imply that, through the mediating effects of UHIs, the built environment characteristics of immediate surroundings may have indirect effects on energy consumption in mixed-use buildings.
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1. Introduction


There is growing concern about climate change, increasing energy consumption and associated greenhouse gas emissions [1]. In particular, energy demand in nations with emerging economies is increasing much faster than that in developed countries [2]. Over the last 20 years, for example, the total energy consumption of China has tripled. Total per capita energy consumption in Korea reached 5.6 toe in 2016, which is substantially higher than 3.1 toe for the European Union [3]. Approximately 30% of the energy consumed worldwide is consumed in the residential sector [1]. Although a substantial amount of energy is consumed in the residential sector, the patterns of residential energy consumption have not been well understood because residential buildings have a wide variety of structure and materials, occupants’ behaviors vary widely and privacy issues hinder the collection of household energy consumption data [1].



Despite these difficulties, previous researchers have developed various modeling techniques for identifying residential sector energy consumption and finding effective energy conservation strategies. One of the dominant approaches in those studies has been a disaggregated method used to investigate the impact of different housing attributes and household characteristics on the energy consumption of a residential building unit using statistical or engineering techniques [4,5]. These studies have found that the insulation of walls, roofs or windows [6,7], the shape of buildings [8] and household characteristics, such as number of family members or income [9,10,11] were significantly associated with residential energy consumption.



Studies on energy consumption in non-residential buildings have adopted a similar approach. These non-residential building studies have examined the energy consumption of religious facilities [12], bank [13], public buildings [14] and commercial buildings [15,16] and building attributes associated with energy consumption. While the energy consumption intensities of these buildings varied based upon their structural features, the occupants’ characteristics and attitude, the weather conditions and the study’s context [4,17,18,19,20], studies of building energy consumption, commonly, have defined a specific building use of interest and analyzed the associations between building attributes and energy consumption using statistical or engineering techniques.



Meanwhile, from an urban planning perspective, mixed-land use development has been understood as one of the key strategies for achieving an energy efficient, sustainable and healthy environment. Mixed land use development pursues a residential neighborhood incorporating commercial, office, retail and industrial uses; this, in turn, reduces the travel distances and energy consumption associated with accessing such facilities [21]. Although previous studies have reported that mixed-land use development encourages non-motorized travel and reduces transportation energy consumption [22,23,24], the patterns of energy consumption in mixed-use buildings are largely unknown.



Unlike in a North American context, in Korea, buildings with mixed residential and non-residential use are one of the dominant types of residential occupancies. Various types of non-residential uses for improving occupants’ convenience are incorporated into Korean residential buildings. The 2010 building census survey showed that out of 2.5 million residential buildings in Seoul, 0.4 million were single-family residential buildings [25]. In 2010, the number of mixed-use residential buildings in Seoul was approximately 47,000, corresponding to 11% of single-family residential buildings.



Another research gap that we want to address in the present study is the influence of the immediate surroundings of the buildings on a building’s energy consumption. Hypothetically, the built environment may influence the microclimate of an urban environment, which results in a change of energy consumption in mixed-use properties. Previous studies have shown that the proportion of green space and building areas [26,27], or the distance to heat sources and sinks—such as bodies of water or large green spaces [28,29] were strongly associated with the microclimates of urban spaces, especially UHI formation. However, studies on the energy consumption of residential buildings have focused predominantly on the structural attributes of the buildings and neglected the potential influences of the surrounding environment.



The current study investigates the influence of mixed-use buildings and their surrounding built environment on electricity and gas energy consumption. Compared to earlier work on energy consumption of residential buildings, this research is original in two respects. First, the main subjects of the analyses are vertically mixed-use properties. While, at an aggregated ZIP code level, Howard et al. [18] built a model to estimate energy consumption by building use in New York City, the study examined the associations between mixed-use characteristics and energy consumption in a building is rare. Second, we accounted for surrounding built environment along with building attributes to understand their patterns of energy consumption. Our study examines how much of the electricity and gas consumption of buildings can be explained by surrounding built environment characteristics and building attributes, respectively.




2. Materials and Methods


2.1. Study Area and Samples


The subjects of the current study are mixed-use buildings in Seoul with non-residential and residential uses. The main source of energy consumption data was the monthly gas and electricity consumption of the buildings, provided by Korea Building Data Private Open System (KBDPOS). KBDPOS is a service system that provides administrative construction information related to residential and economic activities in the private sector. Information on buildings’ electricity/gas energy usage has been provided at a parcel level since January of 2011.



The specific building use and structural features of a building—such as their size or construction materials—were identified based on Korea’s 2016 building registers. The final subjects of the study were selected by spatially matching the addresses of the parcels in KBDPOS with the addresses on the building registers. One of the difficulties with determining the most appropriate samples for our analysis was the wide variety of mixed-use properties, in term of size and composition of households, available to us. Often, several households resided in a mixed-use building but we intentionally chose single household dwellings within a building. Since information on detailed household attributes was not available in mixed-use properties, we had to control the variations explained by household attributes and narrow the focus of our analysis to small- and medium-sized mixed-use properties. Among the selected samples, 93% of them are buildings with five stories or less. With regard to building use, the selected buildings were characterized by higher proportion of floor areas for retail, office and restaurant uses. The time range of this study is 12 months, from November 2015 to October 2016. We excluded samples, which did not provide more than 3 months of electricity or gas energy usage data.



Non–residential uses were classified into six categories: restaurant, accommodation, retail, service, office and manufacturing. Table 1 shows more details about the building uses classified in each category. For the analysis, we excluded buildings with registers that did not specify the building’s uses and samples that did not provide a land price in 2016. Through this process, 22,109 samples were selected for our analysis. Figure 1 shows the spatial distribution of the selected buildings in the study area. The average number of samples in each census dong was 47.3 (SD: 100.9). In general, the samples were distributed evenly throughout the study area, except in the downtown and commercial areas. Relatively large samples were selected in the high-density southern and eastern regions of the residential area.


Figure 1. Number of selected samples in the study area.
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Table 1. Classification of building use.


	Classification
	Specific Building Use





	Restaurant
	Restaurants, coffee shops, teahouse, pub, bar



	Accommodation
	Inn, motel



	Retail
	Supermarket, pharmacy, grocery store, stationery, bookstore



	Service
	Beauty shop, theater, laundry, PC room, repair shop, day care center



	Office
	Laboratory, academy, religious facilities, a clinic, real estate office



	Manufacturing
	Workshops, bakery, printing house, Tofu factory










2.2. Variables


2.2.1. Dependent Variables


We used four dependent variables: average monthly electricity consumption, average monthly gas energy consumption, average increase in electricity consumption during the summer and average increase in gas energy consumption during the winter. Average monthly electricity and gas energy consumption are the averages of electricity and gas energy consumption in each building for 12 months, from November 2015 to October 2016. According to the Korean energy usage survey in 2014 [30], energy carriers of residential energy consumption consist of gas (53.5%), electricity (25.1%), petroleum (11.2%) and others (10.3%). Meanwhile, the main energy carriers of commercial and public buildings are electricity (65.8%), gas (24.4%), petroleum (7.4%) and others (2.3%). Petroleum and other forms of energy consumption data are not provided in building level. With regard to commercial and public use energy consumption, 52.5% is used for heating purposes, 18.6% is used for cooling and 28.9% is used for cooking purposes. Electricity is used for various purposes; 23.5% for heating, 29.5% for cooling, 15.6% for power, 18.1% for lighting and 13.3% for cooking purposes.



Figure 2 shows seasonal variations in the energy consumption of the selected 22,109 buildings. Since a substantial part of the gas energy is consumed for heating, average monthly temperature is a dominant factor in explaining the variations of gas energy consumption. The months with the highest gas use were January, February and December and those with the lowest gas use were during summer period. On the other hand, the highest usage of electricity energy consumption was during the summer, when the cooling load is the highest. During the winter, since the demand for electrical heating increases, higher-than-the average monthly electricity consumption was found. Since the KBDPOS does not provide a target end-use for energy consumption, we defined two proxy variables that indicate heating demand in the winter and cooling energy consumption in the summer. To represent heating demand in the winter, the average increase in gas energy consumption during the winter was calculated by subtracting average monthly gas energy consumption from average gas energy consumption in December, January and February. Likewise, an increase in electricity consumption during the summer was calculated by subtracting average monthly electricity consumption from average electricity consumption of July, August and September, resulting in a secondary indicator of cooling demand in the summer.


Figure 2. Seasonal variations of electricity and gas energy consumption.
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2.2.2. Building Attributes


Building attribute variables were derived from 2016 building register of Korea, land prices of Seoul Open Data Plaza and GIS data. The building attributes examined included total floor area, the age of the building, the type of building structure, the type of roof structure and the shape index, indicating the degree of the non-square shape of the building’s floor. The building’s age indicates its general level of structural deterioration [4,17]. The estimated shape index of the building is the square of the perimeter of the building’s footprint divided by the footprint area of the building. The larger the shape index, the more irregular the shape the building is. Since irregular shapes can increase the outer lengths of buildings at a given floor area of that building, the energy efficiency of irregularly shaped structures tends to be lower than that of regularly shaped buildings [31]. The wall and roof structures of buildings are also expected to affect their thermal insulation [6,7].



Building use was defined as the proportion of six non-residential uses to the total floor area of a building. This variable captures energy consumption changes resulting from the non-residential occupancy of a building. The occupancy rates for different non-residential uses might have a significant effect on the energy consumption patterns of mixed-use buildings. For instance, a restaurant may have high gas energy consumption attributable to the energy requirements of cooking. The current study will identify the relationship between non-residential uses in a mixed-use building and energy consumption by analyzing the influence of different building-use compositions on four outcome variables. Household income is one of the factors influential in determining building energy consumption [4,17]. Since we could not obtain household income data, we used official land price per square meter for each property as a secondary indicator of household income. Presumably, those who live in a property with higher land price per unit area are likely to earn more or, at least, to be an economically affluent group of people.




2.2.3. Surrounding Built Environment


In this study, the surrounding built environment of mixed-use buildings were constructed using ArcGIS 10.4. While the size and definition of surrounding built environments varies widely, depending on the purpose of the studies, we defined it as 100 m buffered area from the parcels at which the building was located. The built environment of the immediate surroundings affects the urban/micro-urban climate [32]. Previous studies taking a field measurement approach have examined the influence of the geometric features of streets or the land cover characteristics of surrounding parcels on the Urban Heat Island (UHI) phenomenon and found that the presence of green space and water bodies had a cooling effect on the surrounding areas [33,34,35]. For instance, Park and Cho [35] reported that the cooling distance of green space was found within 120m of a green area and that the maximum intensity of the cooling effect was 3.0 K. We supposed that such a cooling effect may influence the energy consumption of mixed-use buildings. Indeed, Wong et al. [32] have shown that the presence of greenery near a single-family housing development reduced the energy consumption of those buildings. The width of entrance roads and their density variables indicate the number of impervious surfaces and hence the development intensity, near the building, which may affect the micro-urban climate, including wind, insolation or temperature [32]. The spatial unit used for population density is the census unit in which the building was located. The details about variables used in the models are described in Table 2.



Table 2. Descriptive statistics of model variables.



	
Outcome Variables

	
Mean

	
Std.dev

	
Min

	
Max




	
Average monthly electricity consumption (KWh)

	
4340

	
4599

	
7.25

	
123,092




	
Average monthly gas energy consumption (KWh)

	
4645

	
5560

	
15

	
208,970




	
Increase in electricity consumption during summer (KWh)

	
996

	
1300

	
0.17

	
33,929




	
Increase in gas energy consumption during winter (KWh)

	
4024

	
3573

	
1

	
94,329




	
Independent Variables

	

	

	

	




	
Building attributes

	
Structure

	
Total floor area (m2)

	
545.3

	
391.8

	
24.79

	
22,494




	
Age of the building

	
25.5

	
9.0

	
1

	
87




	
Shape index

	
17.57

	
2.112

	
14.38

	
61.05




	
Structure (dummy) *

	
0.884

	
0.321

	
0

	
1




	
Roof structure (dummy) **

	
0.957

	
0.202

	
0

	
1




	
Building use ***

	
Restaurant

	
0.119

	
0.163

	
0

	
0.926




	
Accommodation

	
0.026

	
0.132

	
0

	
0.966




	
Retail

	
0.209

	
0.200

	
0

	
0.971




	
Service

	
0.054

	
0.142

	
0

	
0.941




	
Office

	
0.258

	
0.223

	
0

	
0.985




	
Manufacturing

	
0.013

	
0.062

	
0

	
0.825




	
Economy

	
Land price (US dollar/m2)

	
3876

	
1746

	
29

	
22,713




	
Surrounding built environment

	
Width of entrance road (m)

	
7.14

	
4.97

	
1

	
73




	
Water body (dummy) ****

	
0.037

	
0.189

	
0

	
1




	
Green space (dummy) *****

	
0.339

	
0.473

	
0

	
1




	
Population density (person/km2)

	
25,574

	
11,454

	
923

	
65,550




	
Building density (m2)

	
457.9

	
372.3

	
28.2

	
21,818








Note. * Concrete structure = 1, others = 0; ** Concrete structure of roof = 1, others = 0; *** Total floor area of each non-residential use/total floor area; **** Presence of water body within 100m = 1; ***** Presence of green space within 100m = 1.










2.3. Method of Analysis


We used a regression model to analyze the relationship between energy consumption and mixed-use buildings. A regression model is a statistical technique that can estimate the effects of one or more independent variables on dependent variables. In this study, since the distributions of all energy consumption outcomes were highly skewed positively, a double log model was used to estimate the impact of the variables on four energy consumption outcomes. A logarithmic transformation of predicted variable and predictors greatly improves performance of regression models in estimating energy consumption [36,37]
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The dependent variables are a natural logarithm of the electricity and gas energy usage (kWh) of the mixed-use building i. Xij are the dummy variables and the proportion of non-residential use areas. Therefore, j includes the building and roof structure, the presence of the green area and the water body within the 100 m and the proportion of each non-residential use area. Xik are the continuous, independent variables of a mixed-use building, i, besides the proportion of non-residential use area. The variable k includes the total floor area, building age, the shape index, the land price and the width of the building’s entrance road. The building density within 100 m from building i and the population density where building i is located, were also included in k. The regression coefficient of the continuous variables implies the percentage increase of the dependent variable when the corresponding continuous variable increases by 1%. Since the occupancy rates of non-residential use buildings was measured using area proportion, the estimated coefficient also indicates the percentage increase of the building energy consumption when the floor area of corresponding non-residential uses increases by 1%. For diagnosing potential risk of multi-collinearity, we assessed the variance inflation factors (VIF). In general, higher than 10 of VIF implies weak reliability of estimated parameters owing to the multi-collinearity between the independent variables [36].



Of the 22,109 samples selected, 140 and 3525 buildings had a negative value change in gas energy consumption during the winter and an increase in electricity consumption during the summer, respectively. Excluding these properties, our model for measuring increases in gas use and electricity consumption utilized 21,969 and 18,584 samples, respectively.





3. Results


3.1. Descriptive Statistics


Table 2 represents the descriptive statistics for the selected variables. The average monthly electricity and gas energy consumption per building was 4340 kWh and 4645 kWh, respectively. The average increase in gas energy consumption during the winter was 4024 kWh, which implies that a substantial amount of gas energy is spent during the winter for heating.



The average floor area of the mixed-use properties was 545.3 m2, which is considerably larger than the size of typical residential buildings reported in other studies [4,17]. This difference is mainly due to the sizes of the non-residential uses added to the residential space. The average proportion of residential use area in our samples was approximately 29%, which corresponds to 158 m2. The largest proportion of non-residential uses were office and retail uses. On average, 25.8% of the floor area of the buildings was occupied for office use and 20.9% of the area was used for retail. The proportion of area for manufacturing and accommodation use was less than 3% of the total floor space of the buildings. Among the selected samples, 71.4% of the buildings included office use and 69.7% of the buildings included retail uses. The proportion of the buildings that included manufacturing and accommodation use was 5.6% and 4.1%, respectively.



Meanwhile, the electricity consumption intensity of mixed-use properties is much higher than that of residential building units. Our samples show that the annual electricity consumption intensity was approximately 95.6 kWh/m2, while other studies conducted in the Netherlands [17] and Sweden [4] showed that the electricity consumption intensity of a residential building was 28.6 kWh/m2 and 33.9 kWh/m2, respectively. This difference is largely due to the high electricity consumption intensity required of non-residential uses. Howard et al. [18], estimating annual electricity consumption intensity by building use in New York City, found that residential units with 1–4 households had the lowest intensity (49.3 kWh/m2) and those reserved for non-residential uses such as offices (276 kWh/m2) and stores (180 kWh/m2) had a much higher electricity consumption intensity. Similarly, a study on energy consumption the building stock of Greater London [38] showed that median energy intensity of non-residential building besides education building type was higher than 250 kWh/m2.



In summary, both the sizes and electricity consumption intensity of mixed-use buildings were substantially higher than those of typical residential buildings.




3.2. Regression Analysis


3.2.1. Electricity Energy Consumption


Table 3 presents the regression estimates for electricity consumption. The models explain 50% of the variations in average monthly electricity consumption and 25% of the variations in increased electricity consumption during the summer. Average monthly electricity consumption and an increase in electricity consumption during the summer were both found to be significantly influenced by the building’s attributes. When the total floor area increased by 10%, overall electricity consumption increased by 7.5% and electricity consumption during the summer increased by 6.8%. While electricity consumption was not affected by the age of the building, electricity consumption during the summer was lower when the age of the building increased. A higher shape index—i.e., the more irregular the shape of the building’s footprint—significantly increased a building’s electricity consumption. At a 10% increase in the shape index of buildings, average monthly electricity consumption and electricity consumption during the summer increased by 2% and 1.5%, respectively. Buildings with concrete walls and roofs had reduced average electricity consumption. A higher land price was positively associated with increases in both electricity consumption outcomes. When land prices increased by 10%, average monthly electricity consumption increased by 5.5% and summer electricity consumption increased by 7.0%. With regard to building use, electricity consumption increased when the proportion of area used for non-residential purposes increased. In particular, an increase in restaurant and service uses greatly increased the electricity consumption of the buildings. The relative proportion of manufacturing and office uses had a moderate influence on both electricity consumption outcomes.



Table 3. Electricity consumption of mixed-use building explained by building and surrounding built environment attributes.



	
Variables

	
Average Monthly Electricity Consumption

	

	
Increase in Electricity Consumption during Summer

	




	
Coef.

	
t

	
VIF

	
Coef.

	
t

	
VIF






	
Building attributes

	
Structure

	
Total floor area

	
0.745

	
81.16 ***

	
1.92

	
0.683

	
36.92 ***

	
1.89




	
Age of the building

	
0.015

	
1.39

	
1.45

	
−0.093

	
−4.28 ***

	
1.50




	
Shape index

	
0.199

	
4.97 ***

	
1.05

	
0.149

	
1.86 *

	
1.05




	
Structure

	
−0.126

	
−8.03 ***

	
1.49

	
−0.176

	
−5.51 ***

	
1.48




	
Roof structure

	
−0.023

	
−1.07

	
1.08

	
−0.103

	
−2.43 ***

	
1.08




	
Building use

	
Restaurant

	
1.332

	
30.08 ***

	
3.06

	
2.145

	
24.20 ***

	
3.17




	
Accommodation

	
0.720

	
15.14 ***

	
2.32

	
1.466

	
15.69 ***

	
2.50




	
Retail

	
0.779

	
17.90 ***

	
4.46

	
1.191

	
13.57 ***

	
4.49




	
Service

	
0.964

	
21.17 ***

	
2.46

	
1.558

	
17.14 ***

	
2.46




	
Office

	
0.520

	
13.29 ***

	
4.47

	
0.812

	
10.30 ***

	
4.47




	
Manufacturing

	
0.231

	
3.03 ***

	
1.30

	
0.746

	
4.81 ***

	
1.30




	
Economy

	
Land price

	
0.546

	
46.77 ***

	
1.23

	
0.697

	
29.56 ***

	
1.24




	
Surrounding built environment

	
Width of entrance road

	
0.021

	
2.81 ***

	
1.07

	
0.017

	
1.11

	
1.07




	
Water body

	
−0.032

	
−1.49

	
1.01

	
0.022

	
0.50

	
1.01




	
Green space

	
−0.037

	
−4.28 ***

	
1.02

	
−0.049

	
−2.80 ***

	
1.02




	
Population density

	
0.029

	
4.47 ***

	
1.03

	
0.009

	
0.70

	
1.03




	
Building density

	
0.057

	
6.77 ***

	
1.27

	
0.027

	
1.62

	
1.27




	
Number of Observations

	
22,109

	

	
18,584

	




	
Adjusted R2

	
0.4965

	

	
0.2521

	








Note. *** Significant at 1%; * significant at 10%.








Electricity consumption also increased when the width of the entrance road increased. A considerable area of the impervious surfaces in urban areas comprise roads covered by concrete or asphalt and the high radiant temperatures of these road surfaces is one of the major UHI heat sources [35]. Furthermore, wide roads with extensive impervious surfaces reduce evapotranspiration from soil-vegetation systems and their high traffic volumes may cause higher anthropogenic heat emissions. Such features of entrance road may increase cooling demand of the mixed-use building. The presence of a water body in surrounding areas was not associated with electricity consumption, while the proximity of green spaces reduced the electricity consumption of adjacent buildings. Green spaces and the water spaces are known to be the main heat sinks in the inner city [39,40] but the present study found no significant influence of a nearby body of water on a building’s electricity consumption. The presence of green space in the immediate surroundings, however, may reduce the energy demanded for cooling a building by reducing the ambient temperature [41]. Further, placing large open spaces around a building may decrease the amount of energy that it requires for lighting. An obstruction angle to building facades is one of the main factors with a direct influence on indoor daylight levels and lighting energy demands [21].



Population and building density increased the use of electricity but these factors did not result in increased electricity consumption during the summer. Studies focusing on the relationship between density and energy consumption have reported different results for different spatial scales [22], dwelling types [42] and neighborhood land-use [43]. At a city scale, an increase in housing density tends to reduce per capita energy consumption [22]. In commercial neighborhoods, higher density leads to lower energy use intensity of the buildings [43]. However, studies conducted on neighborhood or building unit scales [18,21,44] showed generally positive associations between development density and household energy consumption. In particular, high building densities can reduce the amount of light that buildings receive, thus increasing their energy demands for lighting [21]. In addition, the mediating effects of the UHIs of compact development on residential energy consumption [44] increase the demand for cooling since the increased density of the urban center affects radiant surface and air temperatures. Our results showed that a 10% increase in population and building density in the surrounding increased the average monthly electricity consumption of the adjacent buildings by 2.9% and 5.7%.




3.2.2. Gas Energy Consumption


Two regression models for gas energy consumption (Table 4) explained 26% of the variations that we found in average monthly gas energy consumption and 30% of the increased gas energy consumption during winter. The effect of the building attributes on gas energy consumption was similar to the associations between building attributes and electricity consumption: gas energy consumption tended to decrease when the buildings had the attributes of regular-shaped, old and concrete structures.



Table 4. Gas consumption of mixed-use building explained by building and surrounding built environment attributes.



	
Variables

	
Average Monthly Gas Consumption

	

	
Increase in Gas Consumption during Winter

	




	
Coef.

	
t

	
VIF

	
Coef.

	
t

	
VIF






	
Building attributes

	
Structure

	
Total floor area

	
0.584

	
56.73 ***

	
1.92

	
0.626

	
66.49 ***

	
1.91




	
Age of the building

	
−0.031

	
−2.52 ***

	
1.45

	
−0.065

	
−5.78 ***

	
1.46




	
Shape index

	
0.285

	
6.34 ***

	
1.05

	
0.142

	
3.45 ***

	
1.05




	
Structure

	
−0.085

	
−4.86 ***

	
1.49

	
−0.049

	
−3.05 ***

	
1.48




	
Roof structure

	
−0.069

	
−2.90 ***

	
1.08

	
−0.037

	
−1.69 *

	
1.08




	
Building use

	
Restaurant

	
0.008

	
0.17

	
3.06

	
−0.926

	
−20.35 ***

	
3.04




	
Accommodation

	
0.515

	
9.65 ***

	
2.32

	
0.146

	
2.99 ***

	
2.33




	
Retail

	
−0.489

	
−10.02 ***

	
4.46

	
−0.875

	
−19.62 ***

	
4.46




	
Service

	
0.178

	
3.48 ***

	
2.46

	
−0.271

	
−5.80 ***

	
2.46




	
Office

	
−0.457

	
−10.40 ***

	
4.47

	
−0.659

	
−16.43 ***

	
4.47




	
Manufacturing

	
−0.724

	
−8.43 ***

	
1.3

	
−1.120

	
−14.27 ***

	
1.3




	
Economy

	
Land price

	
0.105

	
8.02 ***

	
1.23

	
−0.100

	
−8.36 ***

	
1.23




	
Surrounding built environment

	
Width of entrance road

	
−0.031

	
−3.65 ***

	
1.07

	
−0.027

	
−3.50 ***

	
1.07




	
Water body

	
0.024

	
0.99

	
1.01

	
0.041

	
1.83 *

	
1.01




	
Green space

	
−0.024

	
−2.41 ***

	
1.02

	
0.000

	
−0.01

	
1.02




	
Population density

	
−0.052

	
−7.19 ***

	
1.03

	
−0.047

	
−7.06 ***

	
1.03




	
Building density

	
0.028

	
2.97 ***

	
1.27

	
−0.016

	
−1.89 *

	
1.27




	
Number of Observations

	
22,109

	

	
21,969

	




	
Adjusted R2

	
0.2616

	

	
0.2978

	








Note. *** Significant at 1%; * significant at 10%.








On the other hand, the influence of non-residential occupancy on gas energy consumption was substantially different from its influence on electricity consumption. A higher proportion of areas used for accommodations and services increased gas energy consumption but a higher proportion of retail, office and manufacturing uses reduced the gas energy consumption of the buildings. In particular, the increase in gas energy consumption during the winter was lower when the proportion of all but one (accommodation) of non-residential uses increased. This result is due primarily to a high dependency on electrical heating for non-residential uses compared to residential uses. According to an energy consumption survey in 2014 [30], hotels and hospitals had relatively high dependency on gas energy consumption for heating demands, while other non-residential uses—such as offices, stores and public buildings—had very low gas energy consumption for heating. When land prices increased by 10%, average gas energy consumption increased by 1% and the overall increase in gas energy consumption during the winter decreased by 1%. The land price of mixed-use properties was positively associated with their proportional area for non-residential uses (ρ = 0.192), which implies that mixed-use buildings with higher occupancies for non-residential uses tended to be located at places with higher land prices. Since non-residential uses had smaller seasonal variations in gas energy consumption than residential uses [44], an increase in gas energy consumption during the winter decreased, when the proportional area of non-residential uses and the land prices increased.



Unlike the result for electricity consumption, the width of entrance roads was negatively associated with average monthly gas energy consumption and increased gas energy consumption during the winter. The high radiant temperatures and anthropogenic heat emissions emanating from wide entrance roads might reduce the heating demands of the building. While the presence of a water body did not affect gas energy consumption, the presence of a green area reduced the average monthly gas energy consumption of the buildings but was not associated with increased gas energy consumption during the winter.



Higher densities also reduced the gas energy consumption of buildings and, at a significance level of 6%, also reduced gas energy consumption during the winter. The relationship between density and gas energy consumption was mixed, but, unlike the results of electricity consumption, higher development densities near mixed-use buildings seemed to decrease their gas energy consumption. Similarly, in a study of the greater Dublin region, Liu and Sweeney [45] found a strong negative association between household density and heating energy demand and Ewing and Rong [44] reported that compact development leads to a reduction in annual heating degree-days. Since gas energy consumption in buildings is highly related to air temperature, higher development densities near the buildings may result in warmer urban climates in the winter, thereby reducing the heating demand of the building.




3.2.3. Energy Consumption by Building Use


Figure 3 represents estimated changes in electricity and gas energy consumption at 95% confidence intervals when the proportion of each non-residential use area increases by 10%. For the purpose of identifying the influence of non-residential uses on total energy consumption, the results of an additional model for sum of electricity and gas energy consumption were included (see Figure 3).


Figure 3. Changes in electricity and gas energy consumption when the proportion of each non-residential use increases by 10%.
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For electricity consumption, 10% increases in the proportion used for restaurants and services increased electricity consumption in the building by approximately 13% and 9.6%, respectively. A 10% increase in manufacturing use increased electrical energy consumption by 2.3%. Meanwhile, with regard to gas energy consumption, only accommodation and service uses were associated with increased gas energy consumption. A 10% increase in the proportion for accommodation and service use increased gas energy consumption by approximately 5.2% and 1.9%, respectively. Gas energy consumption decreased when the proportion of retail, office and manufacturing uses increased. As the graph shows, increases in the proportion of restaurant, accommodation and service uses in a building substantially increased the total electricity and gas energy consumption in that building: a 10% increase in proportion of restaurant, accommodation and service use increased total energy consumption in the building by 6.8%, 6.7% and 6.9%, respectively. Increases in retail and office uses slightly increased total energy consumption, while an increase in manufacturing occupancy decreased total energy consumption.



In mixed-use buildings, non-residential occupancy had higher energy consumption intensity than residential use occupancy. Higher accommodation occupancy increased both electricity and gas energy consumption and higher restaurant and service occupancy substantially increased the electricity consumption of a mixed-use building.






4. Discussion


Electricity and gas energy consumption in mixed-use buildings were influenced by the building’s attributes, the proportion of the building’s uses and the surrounding built environment. The building’s attributes that increased electricity consumption were similar to those that increased gas energy consumption but proportion of building use and the surrounding built environment had different effects on electrical energy consumption and on gas energy consumption.



Higher proportions of non-residential uses increase electrical energy consumption. Howard et al. [18] analyzed the energy consumption of the census block group in New York and found that residential electricity energy intensity remained at about 15–30% of non-residential use, while the increase in residential uses reduced the energy consumption of the census block group. On the other hand, the results of gas energy consumption appear to be somewhat mixed. All non-residential uses except for accommodation reduced gas energy consumption in general. Higher proportions of non-residential use reduced the increase in gas energy consumption during the winter since seasonal variations in gas energy usage in non-residential buildings is smaller than the variations in residential usage. For instance, an increase in restaurant use was not associated with average gas energy consumption but it greatly reduced the increase in gas energy consumption during the winter. Since restaurants consume large amounts of gas energy for cooking, cold air temperatures during the winter did not make large increase in gas energy consumption during winter. Another important factor is energy price policy. In Korea, gas and electricity energy prices vary according to building use and season. In particular, the price of electricity for residential use is much higher than that for non-residential use. In 2017, the price of gas energy for residential use is approximately 9.5% higher than that of commercial and public uses. However, the price of electricity energy for residential use is 2.02 times the electricity price for commercial use in winter period. When more than 400 kWh of electricity energy is consumed, the residential electricity price is 3.02 times of the non-residential electricity price. Because of the price gap between gas and electricity cost during winter, the heating energy for residential use largely depends on the gas energy.



The regression results showed that a wide entrance road and compact development increased electricity consumption and decreased gas energy consumption. Previous studies on urban heat islands have reported complementary relationships between cooling and heating demanded by the geographical locations. Santamouris et al. [46] found that the cooling loads of buildings in urban centers were doubled compared to the buildings located at rural sites but during the winter, the heating load of the buildings was reduced by up to 30%. A heating and cooling energy demand simulation [47] showed that the annual heating load of the office building at the center of London was 22% less than the heating load of rural site while the cooling load of the buildings steadily increased as the distance from the city center decreased. Our results imply that a high density of impervious surfaces within the urban area may affect the micro-urban climate; this, in turn, increases the cooling demands and reduces the heating demands of the buildings.



The presence of green areas near mixed-use buildings reduced the use of electricity and gas energy. Previous studies that have investigated the effects of green areas on temperature showed the cooling effects of open green spaces [48,49] but the relationship between green spaces and gas energy consumption has not been well documented. We speculate that placing open green spaces near the building may reduce the area in which the shadows of the surrounding buildings are exposed, which would affect the building’s heating demand. Finding ways to determine the relationship between green area and gas energy consumption more accurately needs to be investigated through a building-level simulation study that takes into account the end use of gas energy as well as the detailed attributes of the built environment. While bodies of water located in urban areas have been known as important heat sinks [26,50], we did not find any association between the presence of bodies of water and energy consumption in mixed-use buildings. This result suggests that the presence of water bodies has a relatively small effect on temperature compared to the presence of green areas. It is noteworthy that the buildings that had water bodies within 100m accounted for only 3.7% of the samples in the current study, implying that the number of samples with the presence of water bodies might be too small to accurately identify the effect of water body on energy consumption.



Some results seem to be affected by higher-than-moderate levels of correlation between variables. The age of the building decreased electricity consumption during the summer and average gas energy consumption. This result may be attributed to the unique features of Korean buildings: recently-constructed buildings in Korea are relatively large in size (ρ = 0.232) and provide for a higher proportion of non-residential uses (ρ = 0.244). Similarly, an increase in gas energy consumption during the winter had a negative relationship with land prices, which seems to reflect a tendency of the buildings with a higher proportion of non-residential uses to have higher land prices.



The current study has some limitations in the data. First, we used the monthly electricity and gas energy consumption of the buildings in total but we did not obtain specific end-use information. While gas energy was mainly consumed for heating purposes in these buildings, electricity has a variety of uses such as cooling, heating, hot water supply, lighting and kitchen appliances. Without this information, we could not conduct analyses to identify a more accurate relationship between surrounding built environment and the end uses of electricity. Second, our analyses did not account for household attributes. Occupants’ behaviors and attitudes influence the energy consumption of residential buildings [9,10,11,20]. Since the subject of this study was mixed-use properties with residential and non-residential uses, we did not obtain the socio-demographic attributes of occupants at the household level.




5. Conclusions


Mixed-use development is understood as crucial to achieving a “compact city” and a viable urban environment in the urban planning field but the relationship between mixed-use buildings and energy consumption is rarely known. The purpose of the present study was to examine how the electricity and gas energy consumption of the mixed-use properties is influenced by the composition of their non-residential uses and the characteristics of the building’s immediate surroundings.



The findings showed that a higher proportion of non-residential uses resulted in increased electricity consumption but decreased gas energy consumption during the winter, largely due to a high dependency on electrical heating in non-residential building spaces. In areas where commercial development pressure is increasing, the conversion from single-family houses to mixed-use buildings tends to be concentrated and these changes are likely to increase the electricity consumption in the area significantly. Understanding the relationship between the spatial arrangements of mixed-use buildings and their electricity demands will assist urban planners and policy makers to provide efficient urban energy infrastructures and improve energy efficiency.



The impervious surface and high development densities that cause the UHI phenomenon were identified as increasing electricity consumption in building units, while the same factor has been shown to reduce gas energy consumption in buildings. Most studies on UHI have examined associations between the built environment and climate characteristics at the city scale but our results imply that the immediate surroundings of a building may affect the micro-urban climate in addition to the cooling and heating demands of the building. Providing green spaces around buildings has the advantages of reducing both UHI and the obstruction angle of the building facades, thereby reducing both electricity and gas energy consumption.



The contribution of this study lies in its empirical analyses of energy consumption in mixed-use buildings and its correlates with non-residential uses and the building’s immediate surroundings. In order to confirm the findings of the current study, further research needs to develop specific theories that explain the energy consumption patterns of mixed-use buildings and to conduct more sophisticated empirical analyses of the relationships between the features of mixed-use buildings, the composition of building use and the surrounding environment, accounting for the energy balance of each building, seasonal air temperature and lighting.
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