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Abstract: Urban heat island effects (UHIE) are becoming increasingly widespread, thus, there is
an urgent need to address thermal comfort, which significantly influences the daily lives of people.
In this study, a means of improving the thermal environment by spatial analysis of heat was
implemented to ensure basic thermal comfort in future smart cities. Using Seoul as the study site,
the relationship between sensible heat and land cover type was used to identify heat islands in this city.
Thereafter, k-means clustering was employed to extract unfavourable and favourable thermal areas.
High sensible heat indicates locations where environmental heat needs to be mitigated. Sensible
heat distribution data were used for spatial typification to formulate an effective land cover factor to
mitigate the UHIE. In-situ net radiation data measured at six sites were utilised to confirm the spatial
typification of the thermal environment. It was found that expanding the green space by 1% reduces
the sensible heat by 4.9 W/m2. Further, the building coverage ratio and green coverage influence the
sensible heat in compact residential areas. The study results can be used to establish spatial planning
standards to improve the thermal environments of sustainable cities.

Keywords: energy budget; land cover ratio; sensible heat flux; heat mitigation; thermal environment
improvement; sustainability; in-situ validation; spatial typification by heat flux

1. Introduction

1.1. Urban Heat and Spatial Typification for Sustainability

The urban heat island effect (UHIE) depends on the land cover, roughness of the urban surface,
presence of buildings, and albedo. The land cover type significantly affects the thermal environment,
which determines the local climate zone (LCZ) [1,2] and is affected by thermal radiation in urban
canyons. The UHIE is considered a function of time, weather conditions, and structural characteristics
in practical applications such as road engineering, climatology, phenology, energy conservation,
and weather forecasting [3,4]. Oke et al. [5] noted that although studies on the UHIE have explained
this phenomenon, they are still lacking with respect to its causes, suggesting that the situation is
well described but not well understood. Because the UHIE is influenced by various spatial factors,
its assessment via a spatial multi-scale approach is required.

Thus far, the causes of heat generation with respect to space have been studied macroscopically to
understand the UHIE [6]. From this perspective, the UHIE is caused by the temperature difference
between urban and suburban areas and is usually studied on a regional scale. However, thermal
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comfort at the micro-scale (that is, at the building scale) is of immediate concern to the residents of
urban areas. Therefore, research on heat generation and its mitigation is increasing in importance.
Micro-scale studies [7] need to be approached from the meso-scale [8,9] and multi-scale [10], and the
irradiation of land must be accounted for [11].

Moreover, increases in population and population density cause the thermal environment to
deteriorate [12,13]. As rapid urbanization and the corresponding increase in global warming are
becoming worldwide concerns [14], every country is aiming to develop sustainable cities to promote
heat island reduction. Energy sustainability is being emphasized to achieve this objective [15]. Amongst
anthropogenic factors, the use of air conditioners, especially during summers [16], has led to further
deterioration of the urban thermal environment [17]. This deterioration is characteristic of especially
large cities [18]. Moreover, smart solutions are applied mainly in medium and large cities. Smart cities
are being increasingly developed and are among the means of attaining energy sustainability and
improving the thermal environments of urban areas [19]. Therefore, a practical means of implementing
methods of enhancing sustainability is necessary. However, the development of smart cities also
involves ideological issues that favour business-led technological solutions [20] without practical
means. The development and evolution of the smart city concept are more complex than they are
described. For instance, a report was published on an integrated conceptual model for Vienna,
which states that the framework of a smart city must compensate for insufficient environmental
sustainability [21]. The implementation of the smart city framework should also take natural resources
into consideration [22]. Yigitcanlar emphasises that the effects of smart cities, such as CO2 reduction,
are insufficient for attaining sustainability [23]. To improve quality of life, the comfort provided by
the thermal environment is important [24,25]. Detailed spatial analysis of the thermal environment
to ensure this comfort merits further investigation, as a preliminary step for thermal environment
improvement with the objective of developing smart cities in the future.

1.2. Heat Energy and Spatial Typification

Concrete spatial analysis of the thermal environment is a current priority. As stated by Howell,
‘Energy radiates from one object to another one under all conditions and at all times’ [26]. Since heat
energy is intangible in tangible space [27], one spatial solution for improving the thermal environment
is the typification of the latter. In meteorology, sensible heat flux, or sensible heat, is defined as the
conductive heat flux from the land surface to the atmosphere and is evident in the transportation of
energy being an important factor in the energy budget of the surface of the earth [28]. Sensible heat
flux is a less popular quantity for defining the thermal environment than temperature, but it is effective
for presenting the physical characteristics in space or performing quantitative estimations, such as heat
transfer prediction [29,30].

In this research, we analysed the UHIE in terms of sensible heat flux instead of temperature over
a wide area, considering factors such as the presence, size, and density of buildings as well as the
presence of greenery in the relevant area. However, the relationships between the causes of thermal
radiation generation and the effects of the spatial factors that are the fundamental causes of the UHIE
are difficult to comprehend. Moreover, the thermal approach is challenging to apply to planning or
designing in a practical geographical range. However, the urban surface temperature and ambient
temperature are the results of heat exchange. By accurately diagnosing the urban land cover elements
and analysing the heat distributed in an urban space, it is possible to understand the characteristics of
the space to improve the urban thermal environment. In particular, to reduce or adapt the UHIE, it is
necessary to understand this phenomenon itself and to examine the relationships between the physical
elements of the urban space and the UHIE as well as the factors affecting the sensible heat flux.

1.3. Studies Using the Existing Spatial Approaches

The increase in summer temperatures affects individuals vulnerable to heat [31,32]. In this context,
many studies have been conducted with the objective of mitigating the UHIE. These include studies



Energies 2019, 12, 2320 3 of 24

on the effects of green spaces on temperature reduction [33–36] (shadows of trees [37–39], grass in
parking spaces [40,41], and rooftop greenery [42–44]), changes in the surface temperature according
to the materials of buildings [45,46], temperature reduction due to the optimal spatial arrangement
of buildings (ventilation path, road width, and pith of building) [47,48], land use, land cover change,
and urban ecological service function [49,50].

Further, researchers have attempted to identify heat-vulnerable areas by investigating the
distributions of social indicators and heat [51]. Efforts have also been made to identify the causes of
high temperatures in urban areas in summer and the consequent formation of urban heat islands [52,53].
However, because of the characteristics of temperature, it is difficult to identify physical, spatial features.
For example, the surface of a coating or building is composed of various materials but the amount of
radiant heat incident on the surface and reflected off it varies with time according to its composition
ratio [54]. The physical method of measuring radiant heat is a quantitative approach [26]. Radiant
heat has been measured using the physical approach on both a global scale [55] and an urban scale
(meso-scale) from an atmospheric or meteorological perspective.

There have also been micro-scale studies on indoor temperature reduction in summer from a green
architectural perspective [56]. Further, global-scale studies have been conducted using physical models
of heat generation or transfer [57,58]. A study on climate change involving satellite remote sensing
captured the long-term trends of many meteorological variables [59] between heat and space that
digitise the characteristics of the latter, and remote sensing studies have been conducted to explore the
relationship between surface temperature and land cover factors [60,61]. This approach is not applicable
on a small scale, that is, considering the microclimate; thus there is little difference in identifying
linkages with the spatial elements that form cities on land. In addition, several computational
fluid dynamics studies have been conducted, such as those involving ENVI-met or RayMan [62–64].
However, there are limits on the edges of the domains used to simulate urban spaces including all
relevant urban characteristics.

1.4. Typification Method

Several researchers have attempted to classify the energy budgets of areas based on their spatial
characteristics; for instance, Köppen established a climate classification system [65]. Regional zones
can be spatially characterised depending on their temperatures (high or low). Based on the climate
classification system developed by Köppen, intangible climatic elements have been used in other
systems to identify climate zones [65], ecosystem maps [66], agricultural land [67], and hydrological
areas [68]. In this study, thermal spatial typification was employed to determine climate zones and
map the heat, based on which another method was derived. Several means of classifying thermal
environment into climate zones exist; in this study, a statistical approach called k-means clustering
analysis [69] was chosen. This approach is a representative non-hierarchical clustering method and can
quickly group large amounts of data, such as weather data. Further, in the case of choosing the initial
configuration for the relative distinction of the characteristics of isothermal heat, k-means clustering is
advantageous compared to hierarchical analysis [70]. ased on the k-means clustering results, we define
an ‘unfavourable thermal area’ (UTA) as a region in which heat is concentrated; these regions should be
prioritised for heat reduction. Conversely, a region with a relatively low heat concentration is defined
as a ‘favourable thermal area’ (FTA).

1.5. Objectives and Application

In the aforementioned micro-scale studies, the UHIE has been explored in terms of temperature
changes with respect to the presence of buildings, as well as their size and density, and the presence
of surrounding green spaces. The urban surface temperature and atmospheric temperature are the
results of accumulating heat. As mentioned by Ma [71], differences in albedo due to land use and land
cover type cause spatial changes in surface heat flux [71]. By accurately determining urban land cover
elements and analysing the heat distributed in an urban space, it is possible to improve the thermal
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environment of that space. In this study, based on an existing empirical model, we classified the
estimated sensible heat distribution. Thereafter, using the classification results, in-situ measurements of
the net radiation and sensible heat were performed to confirm the classification accuracy (as explained
in Section 2).

The purpose of this study was to identify the distribution of sensible heat, which affects thermal
comfort, through spatial typification with the objective of improving the thermal environment. The heat
typification is based on five elements: the buildings, green spaces, water spaces, roads, and impervious
surfaces in areas inhabited by urban residents. Further, the study results provide useful tools for
sustainable urban development, including (1) the quantitative validation of two types of thermal areas
through measurement at the micro-scale for proper spatial typification, (2) the suggestion of urban
land cover ratio criteria for urban planning and design, and (3) an evaluation of the contribution of
green spaces to improving thermal comfort [72].

1.6. Research Process

Our study was focused on the validation of spatial typification for thermal environment
improvement through in-situ measurement. Firstly, we reviewed the current research related to
the questions addressed in and purposes of our study (Figure 1).
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Secondly, we analysed the thermal environment of Seoul with reference to the method employed
in our previous work [73]. In this step, we rasterised the sensible heat flux based on existing data,
considering the energy balance, net radiation, latent heat, sensible heat, storage heat, and artificial
heat. Then, the heat flux was clustered through the k-means approach and the results were categorised.
Next, in the ‘thermal area extraction’ stage, the UTA and FTA were extracted through the mapping.
In addition, the land cover ratios of the thermal areas were derived from the daytime shift of the
sensible heat flux and local land cover scale data. To select the study sites for the in-situ measurements,
correlation analysis of the land cover ratio and sensible heat flux was conducted. The building cover
ratio (BCR) and green spaces were found to be two significant factors affecting the changes in and
distribution of the sensible heat flux (Appendix C).

Thirdly, we performed validation using field measurements. The two factors derived from the
previous step become the criteria for selecting six study sites for in-situ measurement. We measured
the sensible heat flux of the spatially typified thermal areas, i.e., the UTAs and FTAs, at the study
sites. From the in-situ measurements, we collected net radiation and air temperature data. We also
analysed the land cover ratios at each site. In the validation stage, we analysed the calculated values of
the sensible heat flux based on the net radiation measured at the six sites corresponding to the two
types of thermal areas. Furthermore, we validated the typification method by matching the sites with
high sensible heat fluxes according to the in-situ measurements to the areas identified as having high
sensible heat fluxes (UTAs) according to the spatial typification. If they matched, the results were
analysed, and if not, the study site was re-searched.

We further considered how to create an implemental tool, a spatial typification system,
and planning standards for thermal environment improvement. We also suggest that this approach
has an indirect effect on sustainable energy use.

2. Extraction of Favourable and Unfavourable Areas

Intangible heat is dynamic in nature. However, in an environment experiencing continuous heat
inflow, the heat stagnates and accumulates, causing a considerable increase in temperature [74] and
making the region/space heat-intensive. Mitigating this excessive heat improves the thermal comfort
of the residents [75]. Therefore, to reduce heat enhancement, we attempted to elucidate the causes of
spatial concentration of heat by identifying the common spatial characteristics of areas with high heat.
Thus, in this section, we describe the characteristics of spaces where heat is concentrated.

2.1. Spatiotemporal Scope

The city of Seoul is an interesting space because its thermal comfort related problems can
be solved in a sustainable manner using the various surface characteristics of its compact urban
area [76]. For validation, we conducted measurements at Gwanak, Mapo, and Seocho, which are
residential areas in Seoul with high sensible heat concentrations. Temporal data for the summer of 2015,
based on the automatic weather station (AWS) data format, time, and spatial resolution, were provided
by the Seoul Metropolitan Government Meteorological Agency and SKTech X, a private company.
The measurements for validation of the typification were conducted in 2018.

2.2. Input Data

The hourly heat flux was calculated using the air temperature, atmospheric pressure, and relative
humidity collected from 287 stations in total, including 38 meteorological stations in Seoul and
249 SKTech X meteorological stations. We typified the heat flux and land cover data (Figure 2) on a day
with clear weather, low cloud cover, and peak air temperature in August (Table 1). We also created
a 100 m × 100 m grid to map the thermal environment and thermal distribution data.
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Table 1. Metrology and spatial attributes (land cover factors): data and sources.

Classification Input Data Source

Meteorological data for heat
flux distribution

-Air temperature, relative humidity,
cloud cover, saturated water

vapour pressure

-Korea Meteorological Administration
(38 stations)

-SKTech X (249 stations)

Extraction of FTAs and UTAs -Latent heat model, sensible model,
storage heat model

Holtslag, 1983
Loridan, Grimmond 2011

Spatial attributes

-Subdivided land cover map (green
spaces, wetlands, impervious surfaces)

-.shp file of Seoul administrative
district–building .shp file

-.shp file depicting the widths of roads
-.shp file depicting the width of roads

-Ministry of Environment,
-Statistical Geographic Information

Service (SGIS),
-Seoul Information Communication Plaza

2.3. Methodology

In k-means clustering, centroid data are used as prototypes and are divided into clusters composed
of the data closest to the prototype. This process is based on the theory established by Tobler stating
that ‘ . . . near things are more related than distant things . . . ’ [77]. K-means clustering is characterised
by rapid grouping of vast amounts of data and selection of initial configurations; further, it is suitable
for thermal analysis, which is an isometric rather than hierarchical approach [78]. Therefore, thermal
distribution typification through k-means clustering allows the group to be expressed as a heat value
while classifying heat-concentrated spaces based on the land cover ratio, which is a spatial factor [73].

To reflect only the land cover characteristics for the urbanised parts of the city, we initiated the
cluster analysis based on the heat values, excluding the main mountains and large hydrological systems
around the major ecological axis that considerably influence the latent heat flux (Qe) and sensible heat
flux (Qh).

The k-means clustering was performed on sensible heat flux data distributed every 100 m × 100 m
in Seoul to derive the UTAs. The number of divided groups was derived from the natural break
function of the sensible heat flux. The mean values of the sensible heat clusters were compared with
those obtained from research on spatial typification based on heat flux [73] to distinguish the values as
unfavourable and favourable.
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2.4. Results of K-Means Clustering

The thermal areas that were grouped through k-means clustering are referred to as
‘heat-concentrated regions’. Among these, the UTAs were identified as areas with sensible heat
fluxes higher than the mean value in Seoul; similarly, the values of low sensible heat-concentrated
regions, called FTAs, are lower than the mean value of the sensible heat flux in Seoul. In Figure 3,
the reddish areas correspond to UTAs and the blue areas represent FTAs.Energies 2019, 12, x FOR PEER REVIEW 7 of 24 
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We analysed the building composition and BCR in the UTAs and FTAs corresponding to residential
areas. The UTAs are characterised by high building density with no green cover, while the FTAs are
characterised by low building density and low population density of greenery or water (Figure 4).
The verification of these areas is discussed in detail in Section 3.

Energies 2019, 12, x FOR PEER REVIEW 7 of 24 

 

 
Figure 3. UTAs and FTAs. 

We analysed the building composition and BCR in the UTAs and FTAs corresponding to 
residential areas. The UTAs are characterised by high building density with no green cover, while 
the FTAs are characterised by low building density and low population density of greenery or water 
(Figure 4). The verification of these areas is discussed in detail in Section 3. 

 
Figure 4. Concepts of UTAs and FTAs. 

3. Sensible Heat Flux Calculations 

Since there is no dedicated equipment for measuring sensible heat flux, we estimated the heat 
flux using the existing models for calculating the energy budget by defining the relationships among 
the net radiation and the four heat fluxes.The energy budget is composed of four elements, namely, 
the anthropogenic heat flux (QF), sensible heat flux (Qh), latent heat flux (Qe), and storage heat flux 
(Qs),. The horizontal heat flux due to wind-borne transportation (ΔQA) was included in the energy 
budget at a value of 0, because of the warm and mild wind conditions on the measurement day. The 
sensible heat flux was extracted from these four heat fluxes. The model for calculating the sensible 
heat flux using the net radiation (Qn) is as follows [79–82]: 𝑄 + 𝑄  =   𝑄  +  𝑄   + 𝑄   +  ∆ 𝑄  . (1) 

The net radiation was derived from the urban energy balance in (1), which was derived by 
Offerle [79]. All of the heat fluxes have units of W/m2: 

Figure 4. Concepts of UTAs and FTAs.

3. Sensible Heat Flux Calculations

Since there is no dedicated equipment for measuring sensible heat flux, we estimated the heat
flux using the existing models for calculating the energy budget by defining the relationships among
the net radiation and the four heat fluxes.The energy budget is composed of four elements, namely,
the anthropogenic heat flux (QF), sensible heat flux (Qh), latent heat flux (Qe), and storage heat flux (Qs),.
The horizontal heat flux due to wind-borne transportation (∆QA) was included in the energy budget at
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a value of 0, because of the warm and mild wind conditions on the measurement day. The sensible
heat flux was extracted from these four heat fluxes. The model for calculating the sensible heat flux
using the net radiation (Qn) is as follows [79–82]:

Qn + QF = Qh + Qe + Qs + ∆ QA. (1)

The net radiation was derived from the urban energy balance in (1), which was derived by
Offerle [79]. All of the heat fluxes have units of W/m2:

∆ QS =
∑l

i=1
fi × (a1iQn + a2i∆Qn + a3i) (2)

fi: land cover ratio (unit: ratio)
i: green cover, water cover, impervious land, building cover, and road cover
γ
s = − 0.00003178 ×temp3 + 0.03× temp2

− 0.092× temp + 1.463

The storage heat flux in (2) was derived from an equation considering the land cover ratio and
empirical coefficients. γ is a psychrometric constant, and s is the slope of the curve of saturation vapour
pressure versus temperature:

Qh =


{
(1− ∝) +

(γ
s

)}{
1 +

(γ
s

)} × (Qn − ∆ QS) + 20 (3)

Qe =

 ∝{
1 +

(γ
s

)} × (Qn − ∆ QS) + 20 (4)

α : an empircal parameter related to the moisture status of the surface
Both the sensible heat flux (3) and latent heat flux (4) were estimated using the model developed

by Holtsalg [79]. In these equations, 20 (W/m2) is an empirical constant. Both α and 20 (W/m2) were
determined based on the Penman Monteith approach [82]:

QF = 6.8 (TC − Td ) + 12 (for Td ≤ TC) (5)

where TC: Daily maximum temperature (unit: K) and Td: Daily mean temperature (unit: K)
The anthropogenic heat flux (5) was estimated using a model considering temperature.

The advection (∆QA) was negligible at the six investigated sites on the day of measurement because
we chose a day with a wind speed of approximately 0 m/s.

The land cover ratio (fi) was calculated using the relative area occupied by each type of land cover
within a 100 m × 100 m grid (Tables 2 and 3).

Table 2. Empirical land cover coefficients.

Land Cover Coefficient a1 (Ratio) a2 (h) a3 (W/m2)

Green 0.34 0.31 −31
Building 0.07 0.06 −5

Impervious 0.83 0.4 −54.2
Water 0.5 0.21 −39.1
Road 0.61 0.41 −27.7

Source: Grimmond and Oke [83], Roberts and Oke [84].
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Table 3. Anthropogenic heat flux at the neighbourhood scale.

Neighbourhood LCZ Anthropogenic Heat Flux (W/m2) Site

Large dense, city centre 1,2 100–1600 * 4
Medium dense, city centre 3 30–100 * 6
Low dense, open, low-rise 6 5–50 * 2

Open high-rise 4 26–80 ** 1
Green (Low-planted), Water D,G - 3,5

Source: * Oke, Mills, Christen and Voogt [85]; ** Pigeon, G., et al. [81].

4. In-Situ Validation

In this section, we present the results of our examination of whether the UTA and FTA identification
method can be applied to actual sites, considering the land cover rate (in particular, the BCR). The degree
of sensible heat flux loss derived using the urban canyon structure can also be determined. Therefore,
an empirical study was conducted to verify the accuracy of the classification method by dividing the
study area based on sensible heat, which was done to develop methods that can help improve the
thermal environment.

In the previous section, we presented the characterization of the disadvantageous thermal zones
using low-rise buildings in residential areas with high BCR. We considered such residential areas and
focused on heat transfer to estimate the UTAs and FTAs. Because no instrument has been developed to
measure sensible heat, we estimated the sensible heat using a physical model based on the net radiant
heat data measured by a sensor. Therefore, to validate the results of the in-situ measurements aimed at
controlling the outdoor conditions during measurement, the following in-situ measurements were
conducted:

a BCR and net radiation time shift data
b Time shifts with variations in BCR
c Mixed-deployment observation of the overall effects of land coverage
d Various urban climate data for calculating the sensible heat flux

Observations were made to obtain net radiation data to calculate the sensible heat flux under
different land cover compositions, especially BCRs. In addition, we collected air temperature, wind
speed, humidity, albedo, and sky view factor (SVF) data for sensible heat flux estimation (Equation (1),
Section 4).

4.1. In-Situ Measurement Process (Appendix B)

4.1.1. Considerations for Measurement Design

According to the BCR values and measurement techniques reported previously [86], we designed
a net radiation measurement technique. The observation sites were required to be in residential areas
with mild wind speed, as the wind speed is often used as an independent variable when measuring heat
flux. Wind speed causes surface turbulence; in addition, heat flux transfer can be determined by airflow.
Furthermore, the heat flux incident on a space could be controlled by varying the relative humidity.
When both the wind speed and humidity were controlled, the effects of other parameters on the energy
budget could be determined. Because these two variables cannot be controlled easily, the measurement
data were obtained by varying the BCR in areas under similar microclimate conditions.

4.1.2. Observation Site Selection

This study was focused on validating FTAs based on the influence of the BCR on the net radiation
and sensible heat flux of a micro-scale urban area, by performing in-situ measurements in Seoul. Thus,
we identified the study areas that were extracted as FTAs and UTAs and had continuous, similar
densities and shapes of buildings in the neighbourhood. Moreover, we sought locations with high
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sensible heat flux (Qh), UFA, and the place with low Qh, which represented FTA. Therefore, areas with
different land coverage included in the UTAs and FTAs in Seoul were selected as sites to measure
the net radiation. Most residential and commercial complexes in Seoul have high BCRs. Among the
residential complexes in Seoul, the six sites we chose have plane topography; further, permission was
obtained from the resident committees prior to performing the measurements.

4.1.3. Measurements and Data Collection

The observations were conducted from May to June 2018. This date range was selected considering
the availability of the location for measurement and the presence of favourable weather conditions,
because cloudy weather is often observed from 9:00 to 19:00 in Seoul. The types of equipment used to
obtain the measurements were as follows. The net radiation was collected using a CNR4 (Campbell
Scientific, Inc., Logan, UT, USA; Figure 5, Table A1 in Appendix A) with two-directional sensors,
where the upper sensor was used to collect the net radiation and the data were collected in a logger
(CR1000, Campbell Scientific, Inc.). A thermometer, an anemometer, and loggers were used to measure
and collect the air temperature and wind data (Figure 5). A camera with a fish-eye lens was used to
determine the SVF. The measurements were performed when the mean wind speed was 0 m/s and
temperature was 18–28 ◦C. The humidity was 55% (measured 7–10 m from the 12-story building).
The data were collected from 9:00 to 18:00 in 1 min intervals. The times of sunrise and sunset in Seoul
from May to June are 7:00 and 18:30, respectively. All instruments were deployed within 1 m from
each building, and each instrument was elevated 1.2 m above the ground.
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4.1.4. Context of the Study Sites

For the six sites mentioned earlier, net radiation measurements were performed to calculate the
energy budget and air temperature, albedo, wind speed, and relative humidity data were collected on
warm, sunny days.
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According to the objective of obtaining in-situ measurements, residential areas in Seoul were
divided into two categories: low density and high density (Figure 6). Most apartments are exposed
concrete slab or brick structures and face south. The distances between the buildings and the instrument
deployment locations were 3–36 m. The SVF of the complex for in-situ observation is 0.46–0.90, and the
building heights are in the range of 7–40 m. Two open spaces exist: one offers a plain view with green
land coverage and the other is a riparian area (Sites 3 and 5, Figure 7).Energies 2019, 12, x FOR PEER REVIEW 11 of 24 
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4.2. Limitations of the in-situ Measurement

The measurements are intended to show the influence of the BCR on the net radiation and sensible
heat flux in the spaces around different densities of buildings [88]. However, because the study sites
were residential areas, the residents did not readily allow us to obtain measurements because they
think that vulnerability to heat directly impacts land and housing prices. Thus, the study was limited
by the restricted number of observation locations and hours. Moreover, it was difficult to obtain
reliable data owing to the frequent movement of the floating population in the study areas. Finally,
the CNR4 (a net radiometer) is expensive and limited in number; thus, it was impossible to examine
the multiple sites simultaneously.

To answer the research question posed at the beginning of the study, we performed validation
by obtaining the sensible heat flux and comparing the results with those reported previously [73].
The sensible heat was estimated based on the in-situ measurements of the net radiation. The equations
related to the estimation are addressed in Section 3. The residential areas of Sites 2, 4, and 6 have high
densities (Table 4), and Sites 2 and 6 are low-rise residential areas. However, Site 4 is also a high-density
building area but with high-rise quasi-residential units (Table 2). The building areas of Sites 1, 3, and 5
are low-density areas, and Site 1 is high-rise residential area including green land coverage. Site 3
is a neighbourhood park, and Site 5 is a riverside park located in a residential district. To collect
net radiation and land cover data from the various locations, we deployed a mobile net radiometer
instrument kit at six measuring stations (Sites 1–6; Figure 7, Table 2).

Table 4. Two types of sites (O: pertinent; X: NA).

Type Site 1 Site 2 Site 3 Site 4 Site 5 Site 6

High density X O X O X O
Low density O X O X O X

The four land cover ratios of Site 1 are evenly distributed, without water (Figure 8). Because Seoul
has a high density of buildings, the building ratio is the highest among the five land cover ratios at Site
6 (0.73), Site 2 (0.60), Site 4 (0.52), and Site 1 (0.35), in sequence. As a neighbourhood park, Site 3 has
the highest green cover ratio. Lastly, the water ratio is the h ighest at Site 5, the riverside.
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5. Validation Results: Comparison of Sensible Heat Fluxes from the Six Sites

The sensible heat fluxes at the six sites were compared, indicating that FTAs and UTAs are more
likely to be validated in an urban landscape under the same microclimatic conditions. Therefore,
we examined the changes in Qh by classifying the measurement sites into high and low density areas
using the spatial characteristics of the FTAs and UTAs in Seoul, Korea.
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Site 1 is a low-density residential area with a neighbourhood garden: the Butterfly Garden.
The maximum heat flux there is 357.97 W/m2, and the minimum is 52.19 W/m2. The average sensible
heat flux at Site 1 is 269.13 W/m2 (Figure 9a, Table 5). Site 2 is a high-density residential area composed
of low-height buildings. The maximum heat flux there is 524.60 W/m2, and the minimum is 65.02 W/m2.
The average sensible heat flux at Site 2 is 389.05 W/m2 (Figure 9b, Table 5).

Site 3 is a neighbourhood park near a residential area. The maximum heat flux there is 123.12 W/m2,
and the minimum is −7.69 W/m2. The average sensible heat flux at Site 3 is 83.39 W/m2 (Figure 9c,
Table 5). Site 4 is a high-density, quasi-residential area composed of high-rise buildings. The maximum
heat flux there is 616.72 W/m2, and the minimum is 165.50 W/m2. The average sensible heat flux at Site
4 is 379.01 W/m2 (Figure 9d, Table 5). Site 5 is a riverside park along the Han River, which is the main
waterway in Seoul. The maximum heat flux there is 432.61 W/m2, and the minimum is 32.61 W/m2.
The average sensible heat flux at Site 5 is 311.19 W/m2 (Figure 9e, Table 5). Site 6 is a high-density
residential area without green space. The maximum heat flux there is 595.07 W/m2, and the minimum
is 170.67 W/m2. The average sensible heat flux at Site 6 is 444.06 W/m2 (Figure 9f, Table 5).
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Table 5. Mean values of net radiation and sensible heat flux (W/m2).

Site Site 1 Site 2 Site 3 Site 4 Site 5 Site 6

Time Qn Qh Qn Qh Qn Qh Qn Qh Qn Qh Qn Qh

Peak ± 0.5 (h) * 540 278 586 398 351 85 548 376 456 315 672 466
After sunset ** 168 89 184 124 52 6 256 174 96 85 323 222

* average values over an hour extending 30 min before and after the peak time; ** average values over an hour
after sunset.

Besides the high-density residential areas, Site 6 (Shilim) exhibits the highest values of both Qn

(672 W/m2) and Qh (466 W/m2) (please see Table 5). Site 6, which is a high-density residential area with
low-rise buildings and minimal green cover, is the most suitable place to apply thermal environment
improvement strategies in Seoul. The greatest temporal change in Qn (456 W/m2) is evident at Site 5,
a riverside area, but the most rapid temporal transition in Qh is at Site 2, a dense residential area
(398 − 124 = 274 W/m2). At Site 3, a green space, on the other hand, the heat flux changes moderately
from the peak until sunset (85 − 6 = 79 W/m2).

The sensible heat values of the six sites exhibit parabolic trends (red dotted line: parabolic fit)
similar to those of the net radiation, but with time shifts (Figure 9). Each measured site exhibits
the highest Qh value between 12:00 and 13:00 but has a different slope. The sites corresponding to
high-density residential areas (Sites 2, 4, and 6) display higher slopes, and the heat values decrease
rapidly between 100 W/m2 and 200 W/m2 after the peak points. However, at 16:00, the sensible heat
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slope for Site 3 (a neighbourhood park) decreases more gradually than those of the other sites. The Qh
range of the high-density residential areas (50–600 W/m2) is higher than those of the non-high-density
residential areas, including the low-density residential areas, green spaces, and waterfronts (−20 to
400 W/m2) (Figure 9). It is assumed that the wider space of the urban canyon receives active natural
convection that transfers heat flux [89] from the buildings, ground, or surrounding environment into
the air [90].

6. Discussion

Because of the rapid densification of cities and climate change, which are contrary to sustainability
developments, summer heatwaves occur, and many means of reducing these heatwaves have been
explored. Most previous research has been focused on blocking solar radiation to improve thermal
comfort. However, in this study, we investigated whether the FTAs and UTAs determined spatially as
presented in Section 2 correspond to those at the actual sites chosen. Therefore, our research was mainly
focused on finding the appropriate thermal environmental conditions for residents by validating the
spatial typification after determining the FTAs in summer.

We investigated the net radiation values of the sites representing FTAs and UTAs, with additional
emphasis on the temporal shifts in the sensible heat flux; further, the heat fluxes of these different
thermal environments were compared from the perspective of FTAs and UTAs, considering the BCR.

6.1. Spatiotemporal Shift in Sensible Heat Flux

We determined the effects of spatial and environmental factors on Qh in Seoul by measuring
the net radiation and calculating Qh in residential areas located in urban canyons and green spaces.
The temporal shifts in Qh in the urban canyons were determined for two types of areas: high-density
residential areas (Sites 2, 4, and 6) and low-density areas (Sites 1, 3, and 5).

The study areas were enlarged to examine the correlation between the sensible heat fluxes measured
in-situ and those based on two types of areas broadly classified as FTAs and UTAs. The high-density
residential areas (Sites 2, 4, and 6; UTAs) have higher sensible heat flux ranges, while the low-density
residential areas (Sites 1, 3, and 5; FTAs) have lower ranges, because natural convection enables sensible
heat flux transfer [89]. Further, green spaces increase the latent heat, thereby decreasing the sensible
heat. By designing wider spaces between buildings and providing green spaces within a residential
complex, the sensible heat flux can be decreased; therefore, green spaces should be considered in the
layouts of residential areas.

The measurement equipment used in this study was located in the urban canyons 1.2 m above the
ground; thus, the sensor readings may not adequately reflect the land cover conditions beyond the
nearest buildings. Because this research was conducted in a limited number of areas, the net radiation
trends in more places should be investigated to obtain more accurate results.

Firstly, the extent of the effects of the five land cover types on the sensible heat was observed to
follow the sequence green area > road > building > impervious surface > water surface (Appendix D).
Secondly, we found that green areas impact the sensible heat the most. However, Site 6 has the highest
sensible heat flux (444 W/m2) with the lowest green surface ratio (0.02), and Site 3, with the highest
green surface ratio (0.96), has the lowest sensible heat flux (82 W/m2) (Table 6). Thirdly, the gradients
of the sensible heat flux trends for each site were examined, which reflect the shift rate (∆y/∆x) of
Qh. The change rates were found to follow the order Site 2 > Site 6 > Site 4 > Site 5 > Site 1 > Site 3.
This order corresponds to that of daytime Qh, except for the order of Sites 6 and 2. The reason that Site
6 has the greatest slope is that the higher buildings there cause slower cooling than at the other sites
(nighttime Qh) [91]. Fourthly, the sensible heat trend line was examined, and it was found that the
greatest negative slope corresponds to a rapid decrease in heat flux. According to the relative effects
of the land cover types, the order of green surface ratio effects on sensible heat the most. Moreover,
the green coverage ratio follows the order Site 3 > Site 1 > Site 5 > Site 4 > Site 2 > Site 6. Based on
comparison with the results in, the green areas promote low sensible heat flux, except at Sites 2 and 6.
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In other words, green surfaces have the greatest effects on restricting heat flux among the various land
cover types. Lastly, regression analysis between the building, green area, and impervious coverage
ratios indicated that the sensible heat flux decreases by 4.9 W/m2 when the green coverage increases
by 1%. Because of the low correlation (Appendix D), the riverside site, Site 5, was excluded from the
regression analysis.

Table 6. Comprehensive results.

Site 1 Site 2 Site 3 Site 4 Site 5 Site 6

Qh day (W/m2) 278 398 82 379 311 444
Qh night (W/m2) 89 124 6 174 85 222
Qn day (W/m2) 540 586 351 548 456 673

Qn night (W/m2) 168 184 52 256 96 323

Trend line
formula: y (Qh)
= ax2 + bx + c

a −10 −15, −4, −13 −12 −14
b 252 358 100 308 293 353
c −1213 −1692 −490 −1382 −1368 −1696

Green 0.23 0.06 0.96 0.08 0.17 0.02
Building 0.35 0.6 0.02 0.52 0 0.73

Impervious 0.22 0.14 0.01 0.15 0.06 0.1
Road 0.2 0.2 0.01 0.25 0.05 0.15
Water 0 0 0 0 0.72 0

Location Sangdo Daehak Montmartre Yeoyi Riverside Shilim
Aspect (land use) Resid. * high-rise Resid. * low-rise Park Quasi_Resi. ** Waterfront Quasi_Resid. **

* Resid.: Residential district, ** Quasi Resid.: Quasi-residential district.

We found that the sites with high densities, low-rise residential buildings, and high percentages
of impervious paved areas, Sites 2 and 6, have higher sensible heat fluxes than the site with high-rise
residential buildings and green surfaces, Site 1. In these cases, the in-situ measurement results do
correspond to the concept of UTA and FTA in residential areas (Figure 4, Table 6).

In this study, we found that focused sensible heat flux directly affects the urban thermal
environment relative to the surface type and spatial conditions in an urban canyon [92]. The in-situ
data agreed well with the thermal spatial typification results overall. Thus, net radiation measurement
allows the proposal of new methods to locate areas in which the UHIE can be mitigated preferentially.
Moreover, our study elucidates techniques for increasing energy efficiency by manipulating the spatial
aspects and land cover types of overpopulated residential areas with high densities of buildings.
Research on the temporal changes and energy budgets of low-density areas with green spaces will
help urban planners develop microclimate-change adaptation methods.

We expect that these findings regarding the interactions among the green cover ratio, BCR,
and sensible heat flux can contribute to rationalising landscape and architectural standards for the
redevelopment of residential apartment complexes in megacities. However, to solve the heat problems
in such apartment complexes, the role of green coverage, which reduces the sensible heat flux,
is important. The development of high-density residential areas will require the establishment of
guidelines for construction, considering the temporal changes in sensible heat in the canyon widths
between buildings in residential areas. In addition, land use characteristics such as those of the
terrestrial and surrounding environments affect the sensible heat flux variations and resulting trends.

6.2. Development of Thermally Sustainable Smart Cities

Criteria for ensuring energy sustainability [93] and micro-scale residential space comfort should
be considered in detail for thermally sustainable smart city development projects. This approach will
help promote the participation of residents [94] in developing smart, environmentally sustainable
cities [21]. In particular, it is necessary to establish criteria to describe the thermal environment and
spatial scale of the design of a city [95]. For this purpose, sustainable development perspectives are
required and it is necessary to study these criteria to understand the limitations related to the use of
space with awareness of the thermal vulnerability of the plan. In addition, the increase in the green
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coverage rate is due to the reduction in UHIs in the case of smart urban planning, and this increase in
green space also contributes to the enhancement of thermal comfort and resident welfare. Sustainable
urban development also requires small-scale investigation of the function of green space in rendering
ecosystem benefits to society [96], as a substantial part of it.

For energy sustainability, it is necessary to remove energy imbalances to promote the equality [97]
and comfort of residents as a precondition for the development of smart cities. Based on the finding of
this study, green designs and technologies for smart cities should be examined and a green digital
charter for energy conservation and typification should be implemented. In particular, an integrated
conceptual model that incorporates considerations other than environmental sustainability should be
established, because environmental sustainability alone is insufficient for the construction of a suitable
smart city framework.

7. Conclusions

The objective of this research is to examine the effectiveness of a spatial typification method in
improving environmental conditions for the sustainable development of smart cities. Spatial types were
identified for thermal environmental improvement considering heat flux and land cover, which influence
the sensible heat flux, using empirical formulas instead of approaches using temperature [1]. The UTAs
identified using this method are prioritised for heat reduction. Then, the spatial typification was
verified through in-situ measurement of the net radiation in UTAs and FTAs at six research sites in
which such areas were derived by thermal spatial typification. The k-means clustering method was
applied to classify the values of three kinds of heat flux: latent, sensible, and storage heat, and a type
of unfavourable urban thermal environment was defined to identify measures that would increase
thermal comfort. The characteristics of each thermal environmental type are based on the land cover
type. The ratios of impervious surfaces, roads, and buildings in UTAs are higher than those of FTAs
(relatively comfortable thermal environments). For thermal environment improvement, the following
measures are proposed to urban planners and designers based on the results of this study: (a) green
surfaces promote sensible heat flux mitigation, (b) typification of thermal environment in terms of UTAs
and FTAs by K-means clustering is effective, as verified by the in-situ measurements, and (c) expansion
of the green space by 1% reduces the sensible heat flux by 4.9 W/m2. Thus, heat can be mitigated and
spatial thermal comfort can be improved in urban areas by performing thermal spatial typification.

Among the six study areas, the highest values of both Qn and Qh were observed at Site 6, which has
a high density and low-rise buildings with less green cover. Therefore, areas with spatial properties
similar to those of Site 6 are considered to be the most suitable places to implement thermal mitigation
in Seoul. Site 5, which is a riverside park, had the best cooling effect owing to the fact that the
maximum heat decrease was noted between the peak hour and 18:00. Site 2, which is a high density
area with low-rise buildings, exhibited an abrupt temporal change in Qh. Unlike Site 2, Site 3, which is
a neighbourhood park, showed moderate changes from the peak hour to sunset. Therefore, green areas
and waterside surfaces are significant for decreasing the sensible heat flux and net radiation.

The proposed approach will eventually lead to appropriate energy consumption, and sustainable
energy policies will indirectly contribute to energy usage reduction in sustainable smart cities.
By enabling sustainability to be maintained via improvement of the thermal spatial environment,
this method will provide a valuable tool for the implementation of smart cities. This research is
expected to facilitate the establishment of a minimum land cover rate criterion to improve urban
thermal environments; in addition, a standard index for implementing thermal environmental
improvement can be derived. The study results offer new insights that can be utilised to develop
rational methods of thermal environment improvement. In future research related to sustainable
techniques for mitigating daytime radiation during heat waves, appropriate areas with adequate green
coverage could be investigated in depth to control the net radiation and sensible heat flux in residential
areas. More advanced studies regarding naturally emitted surplus radiation could also be performed
to enable the positive reuse of energy and to achieve community energy budget goals. In the future,
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we expect to conduct radiation measurement research at additional sites to determine the influences of
land cover factors on the net radiation over time.

In the future, the characteristics of FTAs that result in improved thermal environments should be
reflected in residential areas considering the intrinsic culture. In environmental psychology, familiarity
is related to place identity, which suggests that familiarity has a positive effect on the emotional stability
of the citizens because it includes a unique culture and historical context [98,99]. An ideal smart city
would improve the comfort of the citizens by maintaining the unique cultural identity of the place
in their living environment. Thus, it is necessary to develop smart cities considering their inherent
cultural identities, rather than developing such cities simply to improve quality of life [100].

To promote the development of sustainable smart cities, it is necessary to implement urban
thermal environmental improvement plans and energy management policies to cope with climate
change. Ultimately, smart cities, in which energy sustainability is emphasised, should be built based
on a system of continuous spatial analysis and development accounting for the thermal environments
and identities of the cities.
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Appendix A

Table A1. CNR4 specifications of the pyranometer (details of CNR4, a net radiometer).

Pyranometer Specification Value (unit) Definition

Sensing sensitivity 5–20 (µV/W/m2) Calibration factor

Irradiance range 0–2000 (W/m2) Measurement range

Net irradiance range −250 to +250 (W/m2)

Shortwave radiation spectral range 300–2800 (nm)

Longwave radiation spectral range 4500–430,000 (nm)

Field of view Upper detector: 180◦,
lower detector: 150◦ Sensor opening angle

Nonlinearity Less than 1 (%)
0–1000 W/m2 irradiance—Max. deviation from
the responsivity at 500 W/m2 owing to change

in irradiance within the indicated range.

Uncertainty in daily total Less than 5 (95% confidence level) Achievable uncertainty

Temperature dependence of sensitivity −10 to +40 (◦C)

Operating temperature −40 to +80 (◦C)

Environmental 0–100% RH Relative humidity

Response time less than 18 s 95% response

Directional error less than 20 (W/m2)
Angles up to 80◦ with 1000 W/m2 Beam

radiation–combined zenith and azimuth errors
of 0–80◦ with a 1000 W/m2 beam

Source: KIPP & ZONEN CNR4 Net Radiometer Instruction Manual.
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Appendix B

The following flow chart shows our overall research process.
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Table A2. Correlations of Sensible heat flux and five land covers.

Correlations
Qh gr bd im water rd

Pearson correlation

Qh 1.000 −0.727 0.593 0.209 −0.003 0.637
gr −0.727 1.000 −0.799 −0.443 0.048 −0.908
bd 0.593 −0.799 1.000 0.542 −0.610 0.898
im 0.209 −0.443 0.542 1.000 −0.554 0.493

water −0.003 0.048 −0.610 −0.554 1.000 −0.357
rd 0.637 −0.908 0.898 0.493 −0.357 1.000

Sig. (1-tailed)

Qh - 0.000 0.000 0.000 0.439 0.000
gr 0.000 - 0.000 0.000 0.003 0.000
bd 0.000 0.000 - 0.000 0.000 0.000
im 0.000 0.000 0.000 - 0.000 0.000

water 0.439 0.003 0.000 0.000 - 0.000
rd 0.000 0.000 0.000 0.000 0.000 -

N

Qh 3240 3240 3240 3240 3240 3240
gr 3240 3240 3240 3240 3240 3240
bd 3240 3240 3240 3240 3240 3240
im 3240 3240 3240 3240 3240 3240

water 3240 3240 3240 3240 3240 3240
rd 3240 3240 3240 3240 3240 3240

The sensible heat (Qh) has the highest correlation (−0.727) with green surfaces, among the five
land cover factors, but green surfaces negatively affect Qh. We found that the BCR and road cover
are related to Qh but that impervious surfaces and water cover are not, because the absolute ratios
of impervious surfaces and water cover are equivalent to small portions of the overall land surface
of Seoul.
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