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A B S T R A C T

Outdoor thermal comfort negatively influences urban residents’ health and increases residential
electricity consumption (REC) for cooling demand. This study adopted the remote sensing-based
modified temperature-humidity index (MTHI) to monitor and assess seasonal and spatial charac-
teristics of urban thermal comfort and its association with REC. Thermal comfort and REC have a
strong correlation (p < 0.05) and the same seasonal patterns as regional climate patterns. Ther-
mal comfort is mainly controlled by land use, land cover (LULC), and physical characteristics of
the built environments. Among the physical features, the building height is the most prominent
element stimulating thermal discomfort as it regulates other elements linking to urban microcli-
mates, such as sky view factor and ventilation. The thermal comfort in a particular region will be
remarkably improved when urban density and building height remain under 65.43% and 17.88
meters, respectively. A green space proportion above 18.9% is also a reference value to optimize
thermal comfort in built environments. The most vulnerable regions because of thermal discom-
fort in the Bangkok Metropolitan Area (BMA) account for 21.4% of the dense urban centers, with
a building density of 72.5% and a population density of 17,173 persons/km2. The research find-
ings enrich the current knowledge of thermal comfort characteristics and REC, which are signifi-
cantly helpful for regional planning to mitigate thermal discomfort in this megacity.

1. Introduction
Rapid urbanization in the past five decades has gathered more than half of the world's population living in urban settings with

considerable transformations in landscapes, socioeconomic structures, lifestyles, and environments (Ritchie and Roser, 2018). Dense
population concentration and shifting surface physical characteristics deteriorate outdoor thermal comfort as they directly relate to
how open spaces are used (Lai et al., 2019; Quang et al., 2016; Robaa, 2011). Open spaces regulate microclimate factors, which affect
the thermal perception of individuals in urban environments, such as temperatures, humidity, wind speed, solar radiation, and even
individual experiences. Increasing ambient temperature beyond the thermoneutral zone (i.e., the temperature of the immediate envi-
ronment in which an individual can maintain normal body temperature with normal basal metabolic rate) can induce low productiv-
ity, physiological diseases (e.g., heat stroke, dehydration, and cardiovascular diseases) and psychological health problems for resi-
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dents, especially outdoor workers, participants in outdoor activities, and aging residents (Aghamolaei and Lak, 2022; Kumar and
Sharma, 2020; Taleghani et al., 2015). These problems are exacerbated by intensive urban expansion, urban heat island effects (UHI),
climate change, and prolonged summer days with extreme heatwave episodes.

In essence, indoor thermal comfort is more possibly solvable than outdoor thermal comfort because it can be controlled through
building design and technology solutions on a small scale. Therefore, it has received significant attention through the number of stud-
ies that were always double as high as outdoor thermal comfort studies (Aghamolaei et al., 2022). In contrast, outdoor thermal com-
fort is prevailed by larger scale climate and complex interactions between environmental elements. Therefore, outdoor thermal com-
fort requires integrated urban design and management strategies to effectively improve, such as green infrastructures, shading de-
vices, and water surfaces within urban areas (Nasrollahi et al., 2020; Taleghani, 2018).

In addition to health impacts, the degradation of the urban thermal environment is also associated with building electricity con-
sumption because people rely on air conditioning systems rather than natural ventilation to achieve thermal comfort. They tend to
stay longer indoors with air conditioning systems to avoid outdoor thermal discomfort, considerably increasing residential electricity
consumption (Kumar and Sharma, 2020). Outdoor urban thermal environment, represented by land surface temperature, has the
strongest relationship with residential electricity consumption compared to other sectors (Nguyen et al., 2021b).

It is dubbed as a hot and humid year-round. Thailand and the Bangkok Metropolitan Area (BMA) have experienced extensive ur-
banization over the past few decades with a noticeable formation of the UHI phenomenon (Keeratikasikorn and Bonafoni, 2018;
Khamchiangta and Dhakal, 2020; Nguyen et al., 2022, 2023b; Pan et al., 2023). The more severe thermal environment leads to signif-
icant electricity consumption in this region (Arifwidodo and Chandrasiri, 2015; Nguyen et al., 2021b). Specifically, about 26.5% of
total electricity consumption comes directly from cooling demand, 65.7% of which serves urban areas (Poolsawat et al., 2020). The
city continues to grow as a regional megacity, and the need for electricity in different sectors is likely to increase, which puts pressure
on an adequate electricity supply besides ensuring thermal comfort for urban dwellers. Moreover, it is one of the most dynamic and
populous areas in Thailand, which is home to 15.2 million inhabitants in 2023 accumulatively (NSO, 2023; WPR, 2023). The propor-
tion of senior residents (over 65 years old) in the BMA is considerably higher than in other regions (NSO, 2023), who are sensitive to
extreme temperatures and heatwave episodes (Huang et al., 2018).

Studies on urban heat islands simply consider the severity of temperature, while thermal comfort requires relative humidity (RH)
to reveal how people feel to reveal how people feel temperature over a certain RH. Indeed, high RH typically reduces thermal com-
fort. Spatial investigation on thermal comfort is mainly based on weather data from meteorological stations and reanalysis data, e.g.,
the universal thermal climate index (UTCI or ERA5-UTCI) (Wu et al., 2019) and temperature humidity index (THI) (Balogun and
Daramola, 2019), that often have coarse spatial resolution. Remotely sensed data is promising to provide finer resolution data and
better reflect thermal comfort characteristics. Currently, there is rarely a satellite that directly provides information about RH. Feng et
al. (2020) proposed the modified THI (MTHI) to replace components of THI with remote sensing data to take advantage of their spa-
tial resolution. Specifically, land surface temperature (LST) and normalized difference moisture index (NDMI) represent temperature
and RH, respectively. MTHI can capture critical characteristics of outdoor thermal comfort in many studies and research areas
through close relationships between LST versus air temperature and NDMI versus RH. For example, the impacts of landscape patterns
on thermal comfort (Feng et al., 2020, 2023) and its spatiotemporal characteristics (Roshan et al., 2022; Yi et al., 2022) were investi-
gated. However, no studies have applied this index to study its relationship to electricity consumption. Landscape patterns influence
thermal comfort, but these parameters are abstract and difficult to apply for urban construction planning.

Therefore, this research studied the spatiotemporal fluctuation of MTHI in relationship with residential electricity consumption
(REC). It also explores factors affecting thermal comfort and detects their extreme value range, which exacerbates thermal discom-
fort, as suggestions for urban planning. Finally, we attempted to construct a thermal vulnerability map as a reference map for urban
planning to improve thermal comfort in susceptible areas. The research findings with specific spatial and temporal information on
thermal comfort and energy consumption are expected to be helpful for the energy sector to provide enough electricity for each area,
especially during the hot summer season. The extreme values of factors affecting thermal comfort are considered additional informa-
tion that needs attention in urban planning in addition to existing construction criteria to improve thermal comfort in vulnerable ar-
eas.

2. Methodology
2.1. Study area

The Bangkok Metropolitan Area (BMA) is located in central Thailand. It covers Bangkok and its suburban areas in two contiguous
provinces of Samut Prakarn and Nonthaburi (Fig. 1). This region is divided into 18 subregions corresponding to 18 branch offices of
the Metropolitan Electricity Authority (MEA) to ensure the electricity supply for each subregion (Can et al., 2021). The BMA belongs
to the tropical monsoon humid and is under the influence of the South Asian monsoon regime. Therefore, the regional climate can be
distinguished into three seasons: cool and dry winter monsoon (November–February), rainy season (May–October), and local summer
(March–April) (Aman et al., 2022; Zhang and Oanh, 2002). The BMA is well-known for its fairly hot year-round, with an average am-
bient temperature of around 33–38 °C and high relative humidity (∼73%) (Arifwidodo and Tanaka, 2015).

2.2. Data collection
2.2.1. Residential electricity consumption (REC)

REC has a significant relationship with urban thermal environment compared to other sectors (Nguyen et al., 2021b). Therefore, it
was investigated in this study. The REC data in 2017 was acquired at the Energy Policy and Planning Office (EPPO). The REC is any
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Fig. 1. The geographical location of the BMA in central Thailand and regional land use, and land cover delineated from satellite images.

electricity consumption in residential houses, including temples, monks’ residences, and establishments. It is a statistically subre-
gional level under the BMA. In essence, the subregional REC depends on the total area and population. Therefore, it should be stan-
dardized before further analyses and peer comparison between subregions by estimating the average monthly electricity consumption
per person (kWh/person/month). Additionally, the REC is supposed to be unchanged under neutral conditions. We assumed that us-
age behaviors are relatively stable, and the REC varies mainly originate from seasonal patterns.

2.2.2. MODIS data
Although current studies on thermal comfort use Landsat data with better spatial resolution, it is often influenced by cloud effects,

preventing continual observation and comparison with monthly electricity consumption. This study therefore obtained MODIS (Mod-
erate Resolution Imaging Spectroradiometer) data to extract parameters for thermal comfort estimation. Daytime land surface tem-
perature (LST) was obtained from the product (MYD11A2 version 6.1). This is the 8-day composite product at 1000-m resolution. Be-
sides, this research also acquired MODIS surface reflectance product (MYD09A1, version 6.1), which contains visible, near-infrared
(NIR), and shortwave infrared (SWIR) bands to analyze surface characteristics. This is also the 8-day composite product with a 500-m
resolution. Both two abovementioned products are the products of the Aqua satellite, overpassing at approximately 13:30 local time,
which is appropriate to characterize maximum surface temperature (Hulley et al., 2019). These images were overcome a set of pre-
processing procedures, including reprojection and quality control, before they were combined into monthly composites. Specifically,
the individual pixels were assessed based on the QC band (MYD11A2-LST) and QA band (MYD09A1) to retain only good-quality pix-
els. The data control procedure assists in eliminating low-quality pixels. However, missing data influences further temporal-spatial
analyses. Therefore, these data were then interpolated and smoothed using the Savitzy-Golay filter to impute the missing data and re-
move potential noises (Fig. 2).

2.2.3. Sentinel-1/2 images
Sentinel-1A time series of VH polarization with a time interval of 15 days was used to enhance the classification capacity of Sen-

tinel-2 optical images, especially for seasonal crops (Diep et al., 2022). A Sentinel-2 yearly image was generated by the median com-

Fig. 2. Data imputation and smooth for (A) LST and (B) normalized difference moisture index (NDMI) time series at a representative pixel. Missing values were effi-
ciently imputed, and abnormal values were adjusted.
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posite after removing effects from cloud and cloud shadow pixels. The Sentinel-1 and Sentinel-2 data were combined together for land
use, and land cover (LULC) classification (Section 2.3.1). It should be noted that both MODIS and Sentinel-1/2 images are in 2017 to
better compare with the available REC data.

2.2.4. Other factors
This research also acquired secondary data and potential factors affecting thermal comfort and vulnerability (Table 1). Land use

configuration represented by the proportion of each LULC category mainly controls the urban thermal environment, and it is also ex-
pected to influence outdoor thermal comfort (Feng et al., 2020). The LULC proportion for each category was calculated by extracting
each class from the LULC map and estimating its ratio for each pixel. Building height was included in the analysis as a critical parame-
ter characterizing vertical characteristics of urban areas against suburban regions, which regulates urban ventilation and ultimately
affects thermal comfort (Yi et al., 2022). Meanwhile, population density, to some extent, can reflect urban crowding and the concen-
tration of traffic and transportation as external heat sources (Roshan et al., 2022). Besides, the BMA has a long coastal line in the
south, which provides abundant moisture to the city and reduces thermal comfort. Therefore, this study also investigated distance to
the coast to explore how it affects thermal comfort.

In addition to the above variables, this study acquired four more variables for thermal vulnerability assessment, which will be
clearly described in Section 2.3.5. Specifically, the study considered the sensitive population of younger than 20 years old and older
than 65 years old, who are relatively sensitive to extreme thermal conditions (Soebarto et al., 2019; Zhen et al., 2021). Besides, the
OSM was acquired to extract three features of parks, cooling facilities, and hospitals and include them in vulnerability assessment as
adaption elements. It is a fact that people shelter themselves in public parks to avoid hot weather. The actual cooling centers are not
available in Thailand, however, people, especially low-income residents, often visit convenience stores and shopping centers to cool
off on torrid days. Finally, distance to hospitals was considered as a backup solution to ensure thermal resilience of the population.
For example, when a situation of heat stroke occurs, a person closer to the hospital is assured of timely treatment and better health.

2.3. Methods
This study includes three principal analyses: the relationship between OTC and REC, control factors and optimal ranges, and ther-

mal vulnerability. A detailed description of the main data sources and analytical steps are provided in Fig. 3.

2.3.1. Urban land use, land cover delineation
Urban land use, land cover map was classified by an integrated framework using both optical images from Sentinel-2 and Syn-

thetic-aperture radar (SAR) Sentinel-1A time series. First, the annual composite of the Sentinel-2 image was simply interpreted into
three major land cover categories of water bodies, vegetation, and impervious features using unsupervised classification. Subse-
quently, these three major classes were used as a reference to control the classification scope of the Sentinel-1 time series. Each pri-
mary class was classified into multiple subclasses using information from the time series. They were then identified into six LULC cat-
egories (i.e., buildings, impervious surfaces, cropland, vegetation, wetland, and water surfaces) based on the major classes and
backscatter signals (Fig. 1) (Diep et al., 2022). Finally, the classified LULC map was validated by comparing it to the Copernicus
Global Land Service (CGLS) land cover map. The interpreted LULC map achieved high reliability with an overall accuracy of 89.6%
(86.6–92.1%, 95% confidence interval) and a Kappa coefficient of 0.802.

2.3.2. Daytime thermal comfort
Daytime thermal comfort/discomfort is described by the modified temperature-humidity index (MTHI), which facilitates extract-

ing spatial patterns of thermal comfort at finer resolution than other current thermal comfort products. Meanwhile, it still has a high

Table 1
Variables and data sources for control factors analysis and thermal vulnerability assessment.

Variable Description Purposesa Data sources**

Building height (BH) The vertical parameter describes building height (meters) Re, Tv Pesaresi and Politis
(2022)

Building density (BD) Proportion of buildings per unit (%) Re, Tv LULC
Impervious ratio (IR) Proportion of impervious surfaces excluding buildings such as roads and pavements (%) Re LULC
Cropland density (CRO) Proportion of cropland per unit (%) Re LULC
Vegetation density (VEG) Proportion of vegetation per unit (%) Re, Tv LULC
Wetland density (WET) Proportion of wetland per unit (%) Re, Tv LULC
Water density (WAT) Proportion of water per unit (%) Re LULC
Population density (PD) Number of population per area unit (persons/km2) Re, Tv WorldPop
Sensitive population (SP) Sensitive population to thermal discomfort, including infants, young, and senior residents

(persons)
Tv WorldPop

Distance to coast (DC) Proximity to the coastal line (meters) Re, Tv OSM
Distance to parks (DP) Proximity to the parks (public and residential parks – meters) Tv OSM
Distance to cooling facilities

(DCC)
Proximity to cooling centers (meters) Tv OSM

Distance to hospitals (DH) Proximity to hospitals (meters) Tv OSM
** Data sources: WorldPop: The WorldPop research program (University of Southampton; www.worldpop.org); OSM: Open Street Map.
a Purposes: Re= Relationship assessment using Geodetection analysis; Tv = Thermal vulnerability assessment.

http://www.worldpop.org/
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Fig. 3. Methodological framework illustrates data sources, principal analyses, and outputs of this research.

relationship with thermal comfort indices. For instance, the MTHI and ERA5-UTCI (Universal thermal climate index) have a relatively
considerable correlation (r = 0.73, p < 0.01, it was verified along with this study). The MTHI represents thermal comfort by consider-
ing temperature and humidity to measure the person's experience of how hot a specific temperature is under a corresponding humid-
ity. Specifically, LST and NDMI (normalized difference moisture index) are adopted to represent temperature and humidity, respec-
tively (Feng et al., 2020; Zheng et al., 2022). Even though there is no direct relationship between NDMI and humidity, it potentially
captures water content and water vapor related to vegetation (Roshan et al., 2022).

MTHI = 1.8 × LST + 32 − 0.55 × (1 − 0.01 × NDMI) × (1.8 × LST − 26) (1)

NDMI =
(NIR − SWIR1)

(NIR + SWIR1)
(2)

where, NIR is the near-infrared wavelength (841–876 nm) and SWIR1 is the shortwave infrared wavelength (1628–1652 nm).
Subsequently, the monthly MTHI values were stretched between [0, 1] for peer comparison between months using maximum and

minimum values from all images. Finally, the normalized MTHI was classified into five thermal comfort levels based on global mean
and standard deviation values from all standardized images (Yi et al., 2022).

2.3.3. Analyzing relationship between thermal comfort and electricity consumption
The global relationship between monthly REC and normalized MTHI was explored using the Pearson correlation coefficient. Fur-

thermore, the time-lagged cross-correlation (TLCC) was applied to identify the trend of two monthly time series (MTHI and REC). The
TLCC incrementally shifts one time series one month step and repeatedly calculates the correlation between two time series to detect
whether they move together (i.e., when cross-correlation function (CCF) values reach maxima at lag = 0).

2.3.4. Geographical detector analysis
Geographical detection (geodetector) is developed to measure the spatial stratified heterogeneity (SSH) phenomena in spatial

datasets, thereby describing their spatial associations and interactions (Wang et al., 2016). Three methods were applied, including
factor detection, interaction detection, and risk detection, which identified the significant contributors to thermal comfort, whether
or not there is an interaction between them, and the variable value range increasing the severity of thermal discomfort. The factor and
interaction detections are measured based on q-statistic, while the risk detection is determined using a t-test to compare the mean
value between two variable subregions (Wang et al., 2010). Potential thermal comfort contributors vary from LULC proportion to so-
ciodemographic factors (IR, BD, BH, PD, CRO, VEG, WAT, WET, and DC) (Appendix A3). These factors were reclassified into five
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classes (i.e., from very low to very high values) by the Jenks Natural Breaks algorithm to maximize the differences among the sub-
classes (Zhang et al., 2022).

2.3.5. Thermal vulnerability assessment
The thermal vulnerability was synthesized from three critical elements of thermal exposure, sensitivity, and adaptation. Thermal

exposure is featured by the MTHI. Thermal sensitivity is a set of factors aggravating thermal discomfort in the city and sensitive fac-
tors, including IR, BD, BH, PD, and SP. Besides, thermal adaptation is the measure that contributes to relieving or aiding temperature
stress in a city. The elements of thermal adaptation including VEG, WET, DC, DP, DCC, and DH were considered. It should be noted
that the density of water, cropland, and impervious surfaces were not considered in the vulnerability assessment because these fea-
tures have relatively high spatial heterogeneity, which may lead to spatial bias during component analysis (Appendix A3). The vari-
ables are disparate in value ranges and units. They therefore have to pass the normalization procedure before the thermal vulnerabil-
ity assessment. They were then analyzed by the principal component analysis (PCA) to objectively weigh and calculate the individual
contribution to ultimate thermal vulnerability (Abrar et al., 2022; Chen et al., 2022).

3. Results
3.1. Spatiotemporal patterns of daytime thermal comfort

The characteristics of daytime thermal comfort were assessed by spatiotemporal patterns of five thermal comfort classes over
months (Fig. 4). Its characteristics are closely associated with the regional climate features, which show a high thermal discomfort
level during the hot summer (March–June). Over half of the region is dominated by discomfort classes, with the peak achieved in
April (71.4%). The thermal comfort gradually improves during the rainy season, which only influences the city center and high-
density urban areas. The winter months consistently weakened thermal discomfort for most of the peri-urban. Mainly, no thermal dis-
comfort region was found in December. The spatial distribution of thermal comfort is distinguished through two subregion groups.
The urban fringe and coastal subregions (e.g., Bang Buathong, Min Buri, Lat Krabang, Samut Prakarn, Rat Burana, and Bang Plee) ex-
perience a more moderate thermal comfort throughout the year compared to other urban subregions (Appendix A1).

Fig. 4. Daytime thermal comfort categories were classified based on MTHI over months in 2017.
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3.2. Residential electricity consumption and relationship with thermal comfort
The monthly residential electricity consumption in the BMA varies between 52.2 kWh/person (Samut Prakarn) and 134.5 kWh/

person (Bang Kapi). The peak time for energy consumption is mid-summer, while the winter months are always the off-peak times.
The average consumption in the summer months increases by 11.3–14.5% compared to the annual average. It revealed a seasonal pat-
tern of increased electricity consumption due to thermal discomfort, which has a significantly strong correlation with the thermal dis-
comfort index throughout the subregions (0.66 < r < 0.87, p < 0.05; Appendix A2). The peak of electricity consumption occurred
during the highest observed thermal discomfort in April. Monthly electricity consumption trends and daytime thermal comfort are
parallel over months because CCF (cross-correlation function) values achieve the highest values at the time lag of 0 (Fig. 5). There-
fore, the signals of thermal discomfort are supposed to be slightly earlier, to some extent, implying causality impacts of thermal dis-
comfort on increasing electricity usage entire the subregions.

3.3. Interrelationships between thermal comfort and urban environments
The global correlation shows interrelationships among environmental elements and urban thermal comfort, which two clusters

apparently depict as influencing manners to thermal comfort (Fig. 6). The negative impact variables comprise green-blue spaces (i.e.,
WAT, WET, VEG, and CRO). These variables moderately mitigate the severity of thermal discomfort, in which WET contributes a
prominent cooling effect with r = −0.46 (p < 0.01). The distance to the coast represents the cooling effect of sea breeze circulation
during the daytime. However, it weakly improves comfort less than 20 km from the coast. In contrast, the urban-related elements

Fig. 5. Time-lagged cross-correlation function (CCF) results between monthly thermal comfort index and electricity consumption at subregion levels.

Fig. 6. Correlation matrix between variables. Variables are converged through cluster analysis with significant interrelations. Blank cells eliminate and show insignifi-
cant variables (p > 0.01).
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considerably exacerbate thermal discomfort at a strong significance level (r > 0.70, p < 0.01). More specifically, population distrib-
ution (PD) is closely associated with building density (BD) and building height (BH), which jointly aggravate thermal discomfort.

The geographical heterogeneities of these elements were then explored by geodetector analysis. When spatial characteristics of
subregions were considered, the partial effects of CRO, WAT, and IR were revealed to have no significant contribution to thermal
comfort/discomfort. The most important contributors are BH > PD > BD > WET (0.376 < q < 0.485, p < 0.001). The interac-
tions between urban-related factors or with other extreme variables such as coastal proximity (DC) and IR jointly enhance compared
to individual impacts (q > 0.5). The cool surfaces also interact with each other and improve thermal comfort. These interactions
however only reach a relatively weak level (q < 0.4). It should be noted that the interactions between them are primarily in nonlin-
ear connections.

Furthermore, minimizing thermal discomfort through MTHI is a key strategy to improve daytime thermal comfort. The theoretical
principle is to maximize green-blue spaces while impervious surfaces and urban-related features should be optimized. The risk detec-
tion analysis assisted in identifying the thermal discomfort risk under individual impact. Specifically, the daytime thermal discomfort
will be intensified mainly in dense urban areas when one or some standards meet or interact within the vulnerable value range (Table
2).

3.4. Thermal vulnerability
The potential factors were analyzed and objectively weighted by PCA, with 68% of the variance explained by the first two compo-

nents (Appendix A4). Specifically, BH and PD are the two most sensitive factors besides the heat exposure of thermal discomfort.
Among adaptive capability factors, hospital and park proximity are the most critical elements increasing resilience against thermal
vulnerability. The natural and social characteristics partitioned the BMA area into five levels of thermal vulnerability (Fig. 7). Al-
though the vulnerability considers other elements, it has a considerable correlation with building density (r = 0.79, p < 0.001).
Therefore, the spatial distribution of thermal vulnerability is centralized and gradually decreases along the urban-urban fringe gradi-

Table 2
Urban environment conditions aggravate daytime thermal discomfort corresponding to each variable.

Variable Description Value range Unit Mean MTHI

IR Impervious ratio > 15.99 % 0.767–0.776
BD Building density > 65.43 % 0.794
BH Building height > 17.88 m 0.792
PD Population density > 14,789 person/km2 0.793
CRO Proportion of cropland < 5.04 % 0.778
VEG Proportion of vegetation < 18.9 % 0.780
WAT Proportion of water surfaces < 4.55 % 0.772
WET Proportion of wetland < 5.62 % 0.784
DC Distance to coast 24.7–49.6 km 0.778

Fig. 7. Thermal vulnerability map over the BMA from synthesized data. Contour lines zoning the core regions for each thermal vulnerability class.
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ents. The urban fringes have a very low and low thermal vulnerability, with a total area of about 132 km2 (4.2%). Next is the area
with moderate vulnerability, accounting for nearly 27.8% of the total area, adjacent to the previous regions in the suburban areas. Fi-
nally, the high thermal vulnerability is distributed in urban areas with an average building density of 56.4%, which seals 46.6% of the
metropolis area. The most vulnerable region is located in the city center and west side of primate city in the populated areas, with a
building density of 72.5% and a population of 17,173 persons/km2.

4. Discussions
4.1. Dependence of thermal comfort on climate pattern and land cover

The physical and social conditions in the built environment are relatively stable within a short period, while thermal comfort
varies throughout the year. It is closely associated with seasonal changes in temperature and humidity, i.e., thermal discomfort
reaches mid-summer and is relieved during cool winter (Fig. 4). Therefore, thermal discomfort will be exacerbated by extreme cli-
mate events such as heatwaves and prolonged drought. We may be exposed to cumulative impacts from thermal discomfort, extreme
events, and air pollution episodes, with the same seasonal dependence (Chirasophon and Pochanart, 2020; Kanchanasuta et al.,
2020). This increases the adverse effects on human health, especially in the summer.

Besides, outdoor thermal comfort is also governed by land cover features. Although all land cover categories experience fluctua-
tions in the temperature-humidity index over months due to climatic control, they differ in severity. Impervious features (buildings
and pavement) and water-related features (water bodies and wetlands) are in turn the most severe and moderate thermal comfort
land cover types. Vegetation stands between these two groups, while the MTHI trend of cropland is relatively complex (Fig. 8). It also
reaches its highest peak in summer and then significantly decreases during the later seasons. The summer months are the idle period
of the main rice crop in Thailand. Therefore, the seasonal bare land amplifies thermal discomfort in rural areas with low impervious
surfaces (Cortes and Otadoy, 2020; Nguyen et al., 2021a; Reda and Tripathi, 2016). It increases thermal vulnerability for farmers and
outdoor workers. Early warning systems for thermal vulnerability need to be developed, including extreme event forecasting and
heatwave episodes, to inform early on thermal discomfort under integrated risks. Economic countermeasures, such as portable cool-
ing systems and cooling vests, should be encouraged and replicated among outdoor workers to increase their thermal comfort
(Hamdan et al., 2016; Tang et al., 2021).

4.2. Electricity consumption efficiency
Residential electricity consumption in Thailand is mainly dominated by air conditioning systems, which account for above one-

fourth of the total consumption, with low saving potential (Poolsawat et al., 2020). It originates from opening the air conditioner for
hours, especially on weekends (Jareemit and Limmeechokchai, 2017). Therefore, the differences in electricity consumption between
seasons are caused by climatic patterns and the severity of thermal discomfort. The electricity consumption benchmarking indicates
electricity efficiency in subregions, which also depends on the seasonality of thermal comfort (Chaloeytoy et al., 2022). We adjusted
the Electricity Use Index (AEUI) by replacing building floor area with building volume—estimated by building footprint and building
height data, which reflects how a building volume unit uses electricity per month. The electricity efficiency is relatively low during
hot months when residents increasingly use cooling systems. Usually, the inner subregions with high population and high building
density have low electricity efficiency. In contrast, the sparse subregions show better electricity efficiency (Fig. 9). In addition to den-
sification of urban features, a high level of outdoor thermal discomfort also partially reduces the electricity efficiency in the inner sub-
regions (Section 3.1 and 3.2).

It should be noted that the urban fringe subregions (e.g., Min Buri, Lat Krabang, and Bang Buathong) are highlighted by their low
electricity efficiency. However, they are suburban regions with low population and building density. It can be caused by extensive
seasonal cropland areas in these subregions, which increase heat exposure and outdoor thermal discomfort during idle periods and
hot season (Fig. 4). At the same time, single houses and villas – the standard housing in these suburban areas, may lead to low electric-
ity efficiency due to the use of single electrical and cooling equipment instead of cooling systems as in the inner city areas. This is an

Fig. 8. Temporal changes of MTHI values for different land cover types.
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Fig. 9. Scatterplot illustrates relationships between PD, BD, and AEUI. Dot size is proportional to the magnitude of AEUI (Unit: kWh/m3/month). Three groups from
the bottom-left correspond to a gradual increase in PD and BD. The lower the AEUI value, the higher the electricity efficiency.

important suggestion to improve electricity efficiency in these suburban districts to prevent energy waste. Simultaneously, appropri-
ate solutions are also needed to improve electricity efficiency in inner urban districts through improving outdoor thermal comfort,
where electricity efficiency is currently low.

4.3. Roles of urban green spaces and implication for urban planning
Physical features of the built environment considerably amplify urban thermal comfort and thermal vulnerability compared to

other factors. The most prominent element stimulating urban thermal stress is building height (BH), which links to spatial planning
(vertical planning) of cities. It regulates other factors and indirectly controls the urban thermal environment, such as sky view factor,
urban ventilation, and urban heat island effect (Diem et al., 2023). The high density of tall buildings can exacerbate urban heat is-
lands and thermal discomfort. Urban “vertical expansion” is considered a new urbanization trend to limit horizontal urban overex-
pansion and optimize the urban transport system and public utilities (Nguyen et al., 2023a). However, the arrangement of zones with
different heights should be planned synchronously. Specifically, these research findings suggested reference values for other environ-
mental factors in urban planning to limit extreme thermal discomfort. For example, the building height and density within a particu-
lar area should be less than 17.88 meters and 65.43%, respectively, while the vegetation ratio should remain above 18.9% (Table 2).

Wetland significantly relieves thermal discomfort among green-blue spaces because of the double effect of water surfaces and
flooded vegetation. It verifies the heat mitigation capacity of wetlands against a unique landscape of vegetation or water bodies. Al-
though vegetation shows lower heat mitigation compared to wetlands, it is prominent as an asset amid a dense and populous city. Ur-
ban green spaces, regardless of categories (Fig. 10: public park – A, D, golf courses – B, orchard – C), remarkably reduce thermal vul-

Fig. 10. Zoomed in on thermal vulnerability areas and corresponding landscapes on Google Maps at locations with vast urban green spaces. A, and D are public parks; B
is golf courses; and C is orchards.
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nerability compared to their vicinities. Therefore, increasing urban green space areas under the Green Bangkok 2030 project will be a
potential strategy to improve the city's thermal environment (C40 Cities, 2020). However, it requires joint efforts from public and pri-
vate stakeholders to jointly push this project to succeed.

In addition, the distance to hospitals and cooling centers is closely related to thermal vulnerability and, at the same time, linked
with urban utilities and investment in health care/long-term care, especially when aging tends to be rapid in the future. Hence, the
city authority should have a long-term vision to gradually improve the city's thermal resilience when the city is increasingly crowded
and vulnerable due to climate change.

4.4. Research limitations and ways forwards
Whilst many studies obtained MTHI from Landsat images to take full advantage of spatial resolution, this study only estimated

thermal comfort from MODIS medium resolution images to limit weather effects and monitor monthly progress. The relationships be-
tween thermal comfort and electricity consumption have been revealed using these monthly data in the research findinsg. The coarse
resolution may lead to noticeable trade-offs. For example, some small scale studies indicated that increasing building height can im-
prove thermal comfort (Chen et al., 2021), while the coarse pixel (∼1 km) in this study may not exhibit these characteristics. How-
ever, the impact of building height on thermal comfort found in this study is consistent with previous studies based on remote sensing
data (Yi et al., 2022). It should be noted that the influences of building height may be complicated and depend on the research scale
and specific building height range. Height building provides shading from direct solar radiation, however, it also reduces sky-view
factor (SVF) and natural urban ventilation leading to urban heat islands and reduced thermal comfort. Therefore, more studies on the
scale effect of building height on thermal comfort deserve to be investigated.

Moreover, the MTHI used in this study was also estimated using the same concept from LST and NDMI. The original proposed in-
dex is based on Landsat images. Small differences in image acquisition wavelengths between two satellites can lead to uncertainty.
Additionally, the MTHI attempted to modify RH using NDMI, a unitless index that may differ from site to site. The MTHI is estimated
from several local normalizations. Therefore, corresponding thermal comfort among study areas is challenging when their thermal
comfort indices are estimated separately. It is a note for MTHI users that comparisons between cities and regions should use overall
estimates rather than individual calculations.

The residential electricity consumption includes more than forty appliances. Although the electricity usage of other devices may
not change over months, there are still potential disparities due to residents’ behaviors, building types, building designs, and appli-
ance performance, which representative elements in this study cannot characterize. It is interesting to study how electricity usage be-
havior changes across months (seasons). It is possible that the cooling (heating) systems are not the only subject to change thereby
better providing information for power allocation planning.

5. Conclusion
Spatiotemporal characteristics of outdoor thermal comfort in the BMA were investigated by the remote sensing-based MTHI ther-

mal comfort index, which showed a significant relationship with changes in REC and seasonal solid patterns. The spatial characteris-
tics of urban thermal comfort are closely associated with LULC and physical features of the built environments, while climatic pat-
terns regulate temporal characteristics. These differences in thermal comfort influence residential electricity consumption primarily
by air conditioning systems during the hot summer when both thermal discomfort and electricity consumption reach the highest
peaks in April.

Geodetection analysis through risk detection identified vital factors influencing thermal comfort. Also, it revealed the value ranges
at which thermal comfort begins to deteriorate significantly, e.g., population density, building density, building height, and urban
green space proportion, etc. Building height prominently exacerbates urban thermal discomfort because it is closely associated with
other urban thermal environment control factors. In contrast, urban green space is a valuable asset to mitigate the thermal stress in
cities.

The study also gives geo-oriented information about electricity consumption efficiency and thermal vulnerability, which should
have appropriate solutions to improve thermal resilience and electricity efficiency.
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