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Converging Smartwatch and Urban Datasets for Sustain-
able City Planning: A Case Study in Seoul, South Korea

Martín Mosteiro-Romero1,∗, Yujin Park2,, and Clayton Miller3

1Department of Architectural Engineering and Technology, TU Delft, Delft, Netherlands
2Department of Urban Planning and Real Estate, Chung-Ang University, Seoul, South Korea
3Department of the Built Environment, National University of Singapore, Singapore

Abstract. The widespread availability of open datasets in cities is transform-
ing the way urban energy systems are planned, simulated, and visualized. In
this paper, a cross-scale approach is pursued to better understand the recipro-
cal effects between building energy performance, the urban climate, and urban
dwellers’ indoor and outdoor thermal comfort. On the one hand, monthly build-
ing electricity and gas demand data at the parcel level was collected, along with
hourly weather station data at the urban scale. On the other hand, a longitu-
dinal experiment was carried out in which 22 participants wore smartwatches
for 4–6 weeks and filled out hourly micro surveys on their activities, location,
and thermal comfort. In addition to survey responses, the smartwatches col-
lected participants’ physiological data and location throughout the period of the
study. The project was conducted in Seoul, South Korea, the highest-ranked
Asian country in open data readiness, implementation, and impact. This paper
reports on the data collection effort and provides some preliminary analysis of
the results. The work carried out is expected to help develop methodologies
for the convergence of district-scale and occupant-scale data in urban areas. A
number of expected applications are proposed, including urban-scale studies on
the impact of urban form on the local climate and building energy performance,
district-to-building-scale building energy simulations accounting for occupant
thermal comfort-related behaviors, and district-scale analyses of occupants’
outdoor thermal comfort and its relationship with location and wayfinding in
urban areas.

1 Introduction

The widespread availability of open datasets in cities is transforming the way urban energy
systems are planned, simulated, and visualized. Urban-scale datasets, including geographic
information systems (GIS), smart energy meters, and telecommunications information, are
facilitating the development of urban information models that can provide reliable estimates
of energy demands for planning applications. In particular, urban digital twin platforms en-
able informed decisions and avoid costly ad-hoc problem-solving by facilitating the inclusion
of stakeholders and have been used for various applications, including energy forecasting,
operational optimization, participatory planning, policy development, and scenario modeling
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[1]. There is also an emerging focus on the health, safety, fitness, and overall well-being of
people in indoor and outdoor environments [2].

Smart city initiatives aim to integrate data collection in urban areas to optimize the per-
formance of infrastructures such as transportation and energy. Such data-driven initiatives,
however, often neglect the central role of urban dwellers, whose activities create the demand
for energy and mobility in urban areas [3]. Urban digital twins should address social functions
in the built environment, enabling participatory process and involving humans as sensors to
learn about the local context [4]. However, building occupant data is typically not openly
available for many reasons, including the difficulty of tracking individuals at the urban scale
and privacy and safety concerns [5]. In addition, the interface between humans and the built
environment surrounding them is important for this type of data collection in the first place,
and it is also challenging in many respects [6, 7].

In this paper, a cross-scale approach is pursued to assess the reciprocal effects of building
energy performance, the urban climate, and indoor/outdoor thermal comfort. On the one
hand, urban datasets such as satellite imagery, remote sensing, and building geometries are
collected to study the effects of urban form on a district’s energy and climate performance. On
the other hand, subjective thermal comfort data from urban dwellers is collected to analyze
how the urban environment affects their choices and behaviors and how these might, in turn,
affect energy performance. The project was conducted in a case study area in Seoul, South
Korea, the highest-ranked Asian country on open data readiness, implementation, and impact
[8] and home to one of the most digitally skilled populations in the world [9].

Integrating urban-scale datasets with subjective occupant feedback could allow planners
to better understand the effects of planning decisions on urban energy performance and occu-
pant well-being. The developed dataset is expected to be used in various applications, from
urban building energy modeling to analyzing the effects of urban form on outdoor thermal
comfort and wayfinding.

2 Methodology

The first phase of this project entails collecting datasets at urban and building occupant scales.
These datasets will then be used to explore various questions at the interface between urban
planning, building energy performance, and occupant comfort and well-being.

2.1 Urban dataset

The goal of the collection effort at the urban scale is to develop a 3D city model for a
case study district, including building typologies, energy performance, and outdoor comfort-
related infrastructure such as shading and green measures. The data collected prioritized the
use of open-access databases for geospatial modeling.

The urban scale dataset comprises building geometries, building energy demand, weather
station measurements, and satellite imagery. The monthly electricity and natural gas de-
mand over a 10-year period for every building parcel in Seoul and hourly measurements
from 54 automatic weather stations throughout the city are collected [10]. Building foot-
prints and heights are similar to those available on the open data platform of the government
of South Korea. Satellite imagery, including Landsat and ECOSTRESS (ECOsystem Space-
borne Thermal Radiometer Experiment on Space Station) images, is also collected in order to
account for land surface temperatures (LST) at the urban scale. Based on this remote sensing
imagery, the effect of LST on outdoor thermal comfort can be explored [11].
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Figure 1. Distribution of survey responses for all participants at the end of the study. Participants were
asked for their location (indoors vs. outdoors), current activity, current location, changes in activity and
location, adaptive comfort interventions taken in the past hour, clothing level, thermal preference, and
mood.

2.2 Occupant dataset

In parallel with the urban data collection effort, a longitudinal study was carried out to collect
subjective thermal comfort feedback data from dwellers of that same urban area. This was
done using Cozie Apple, an open-source smartwatch application to collect feedback from
building occupants in real-time [12]. The measurement campaign aimed to obtain real-time
data about building occupants’ outdoor and indoor thermal comfort, location, and activities
in a case study district.

The study was conducted at Chung Ang University (CAU) between 4 October and 17
November 2023. 22 participants were recruited through advertising in university courses,
online social media, and word of mouth. The participants were undergraduate and master’s
students between 20 and 31 years old. The majority of participants identified as female (16
participants, 73%), and most owned their own Apple Watches (14, 64%). Participants who
did not own Apple Watches were loaned one for the duration of the study.

The participants were asked to wear a smartwatch for 4 to 6 weeks, and during this time,
their physiological and location data was recorded. The collected physiological information
comprised the resting heart rate, heart rate variability, blood oxygen saturation, and wrist tem-
perature. Noise levels, stand times, step counts, and walking distances were also recorded.
In addition to this data, participants were requested to respond to hourly micro surveys on
their location, current and past activities, clothing level, adaptive interventions, thermal pref-
erence, and mood. Occupants were required to complete a minimum of 100 microsurveys in
order to complete the study.

This part of the study aimed to create a representative sample of actual occupants of the
case study campus to better understand the urban environment’s impacts on their behaviors
and their behaviors’ effects on building energy demand.
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Figure 2. Recorded occupant locations throughout the study at the urban scale.

3 Preliminary results

The distribution of survey responses from all participants is shown in Figure 1. Unsurpris-
ingly, most survey responses were conducted indoors, with only about 20% of survey re-
sponses indicating an outdoor location. Most responses indicated “Studying” as the current
activity, which is also expected given that all participants were students. The participants
tended to indicate no change in activity or location with respect to the previous survey. Par-
ticipants indicated satisfaction with their indoor environment most of the time (73% of indoor
survey responses), with a slight preference for cooler environments than warmer (17% vs. 9%
of indoor responses). Still, they often indicated that they had changed their clothing level to
improve their thermal comfort.

In addition to the participants’ survey responses, their physiological information and lo-
cation were recorded every time they changed their location by 50 meters or more. The
distribution of all participants’ location records throughout the entire study is shown in Fig-
ure 2. Most of the records are concentrated in Dongjak District, where the CAU campus is
located, as well as on major roads and subway lines.

Figure 3 shows the thermal preference votes within Dongjak District during the entire
study period. As discussed for the indoor environment, most of the responses (62%) indicate
that participants preferred “no change” to their thermal environment outdoors as well. This
could be explained by the relatively mild weather experienced during the study, and at the
end of October in particular, as shown in Figure 4.

Numerous “prefer cooler” and “prefer warmer” responses are also observed. In particular,
there was a large number of “prefer cooler” responses at the end of October, when temper-
atures were higher than average for that time of the year. After that, temperatures dropped
sharply, and “prefer warmer” responses started increasing. Part of the goal of this study was
to precisely study how participants’ perceptions changed during this time of the year when
temperatures in Seoul typically drop rapidly. The unusually mild and constant weather expe-
rienced during October ultimately strongly influenced the results. Therefore, future studies
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Figure 3. Thermal preference survey responses along with the location of weather stations within
Dongjak District.

Figure 4. Cumulative number of microsurvey responses by thermal comfort preference from all partic-
ipants compared to the outdoor temperature in Dongjak District during the study (in black) along with
the range of temperatures observed on the same date and time over the previous ten years (in gray).
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Figure 5. Mean daily thermal preference reported by each participant by date (-1: “Prefer Cooler”,
0: “No Change”, 1: “Prefer Warmer”), clustered by the share of their survey responses: ≥ 80% “No
Change”, more “Prefer Cooler” than “Prefer Warmer”, and more “Prefer Warmer” than “Prefer Cooler”.
The most common response for all participants was “No Change”.

could benefit from extending the period of study to capture a greater diversity of weather con-
ditions. Given the number of weather stations located within the area (Figure 3), the outdoor
conditions leading to occupants’ subjective assessments can be further explored.

Participants’ responses are shown in a calendar view in Figure 5. Since the number of re-
sponses by date by participant varies, the results are shown as daily means by coding the val-
ues reported by participants (“Prefer Cooler”: -1, “Prefer No Change”: 0, “Prefer Warmer”:
1). For all participants, the most common response was “No Change”. Therefore, the par-
ticipants are clustered into three groups: participants with 80% or more of “No Change” re-
sponses, participants with less than 80% “No Change” and more “Prefer Cooler” responses,
and participants with less than 80% “No Change” and more “Prefer Warmer” responses.
The results again show that the majority of “Prefer Cooler” responses occur during the mild
month of October, with the number of “Prefer Warmer” responses increasing towards the end
of the study. A relatively large share of participants (7) consistently reported “No Change” as
their response. Among the remaining participants, “Prefer Cooler” was more common than
“Prefer Warmer”.

4 Discussion and Outlook

The collected dataset can be used to facilitate a variety of possible research directions across
spatial scales in cities. This section outlines the potential impacts of the application of this
method on the urban, district, building, and human dimensions of the built environment in
addition to machine learning models.

4.1 Urban scale: Digital Twin

The urban dataset can be used to develop an urban digital twin using a bottom-up approach
similar to Alva et al. [13]. A 3D geometry base is created from the building footprint and
height data and categorized by building typology. This geometry base can be combined with
building energy demand and urban weather station data to create an integrated 3D city dataset.
Such a dataset could then be visualized in a dashboard to allow users to access the urban data
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Figure 6. Screenshot of the City Energy Analyst model of the Chung Ang University campus.

and analyze energy and climate patterns at the urban scale. By combining it with urban
energy simulations, users could also view the effects of different future scenarios on urban
energy performance and climate resilience. Digital twin analysis is conducted with different
levels of detail and specificity that can impact the usability of performance calculation based
on those models [14].

4.2 District to Urban scale: Building energy modeling

A district-scale energy model of the CAU campus was developed using the City Energy Ana-
lyst (CEA), an open-source platform for district energy optimization (see Figure 6). Building
use types were assigned according to the university’s campus map. In the absence of con-
struction material properties and building management systems (BMS) data, the model could
be calibrated using the collected meter data as done by Mosteiro-Romero et al. [15]. A sim-
plified method could be used to expand to the urban scale, as described in Alva et al. [13].
This type of analysis would form the foundation for scalable strategies for improving the
building stock across districts or portfolios of buildings for maximum impact [16]. Further-
more, the building energy demand model could incorporate occupants’ activities and thermal
preferences, as discussed in the building scale section below.

4.3 District to Urban scale: Outdoor thermal comfort

The collected dataset includes occupants’ physiological response and movement at different
locations at the urban scale, as well as their subjective perception of the outdoor environment.
Coupled with the weather station dataset, we can explore the effects of the urban microclimate
on occupants’ outdoor thermal comfort assessments within a highly dense urban environment.
On a preliminary analysis of the smartwatch and weather station data, mean daily outdoor
air temperature was found to correlate best with participants’ daily step count and walking
distance (Figure 7). The correlation is not strong, as the factors leading to a participant
walking more or less throughout a day might be numerous. However, the fact that temperature
appears to be the most relevant environmental factor indicates a potential for further analysis
of specific microclimatic and urban form features that lead to occupants’ thermal comfort
satisfaction ratings.

A further application of interest is assessing how urban dwellers’ wayfinding and loca-
tion choices relate to the land surface temperatures (LST) obtained from the satellite data.
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Figure 7. Pearson correlation matrix between daily stand time, step count, and distance walked for
all participants in the study and the daily mean value of different parameters measured by the urban
weather stations.

This information could help understand how urban planning decisions might affect outdoor
thermal comfort and well-being in an urban district. This type of innovation would rely on
the development of prediction models that leverage the combination of spatial, temporal, and
subjective preference data with the objective of interfacing with an urban dweller in real
time. These types of machine learning models are emerging as methods to create such data
sets [17]. The development of these models could also help to personalize system responses
in the built environment [18] as well as just-in-time information to assist a person in making
the right decisions to impact their immediate comfort [19].

4.4 Building scale: Occupant behavior and thermal comfort

Personal comfort data could be used to develop a building occupancy model as an input to the
district energy simulation in order to assess how urban dwellers’ activities and choices affect
district energy performance. Using Cozie data to develop an agent-based model of building
occupants was presented by Mosteiro-Romero et al. [20]. Activity and location profiles can
be estimated based on the corresponding questions in the smartwatch dataset (Figure 8) and
used as inputs into an agent-based activity and location choice model.

Personal comfort profiles can also be developed based on the dataset, and based on the
self-reported comfort adaptation options available to each participant, occupant adaptive be-
haviors in a case study building can also be modeled. However, without BMS data, the
relationship between occupants’ behaviors and thermal responses to the indoor environment
cannot be studied, so the scope of the application will need to be defined clearly. One pos-
sibility would be to estimate occupants’ thermal preference responses based on outdoor air
temperature. As expected, the distribution of “Prefer Cooler” and “Prefer Warmer” responses
to micro surveys carried out outdoors strongly relates to the outdoor air temperature (Fig-
ure 9). While the relationship is less straightforward for indoor responses, especially for
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Figure 8. Distribution of the reported current activity at each hour of the day for all participants.

Figure 9. Empirical density distribution of the current thermal preference reported by all participants
in outdoor locations (top) and indoor locations (bottom) as a function of temperature (taken from the
closest weather station at the time of the microsurvey).

“Prefer Warmer” votes, the outdoor temperature could nevertheless be used as an indicator
for the probability of occupants expressing a given thermal preference at different outdoor
temperatures.

In addition to energy and thermal comfort, there are occupant behavioral aspects that are
often neglected but warrant attention, such as noise, privacy, health, fitness, and interaction
between people. A recent study used wearable data collection and sensors to understand the
interactions between occupants regarding the quantity, quality, and impact on focus and pro-
ductivity [21]. Additional data sets, such as smartphone data collected from Wifi networks,
would also provide another layer of insights on occupant movement and interactions [22].

5 Conclusions

The collected dataset aims to help develop methodologies for integrating urban-scale and
occupant-scale data in urban planning decisions. In this project, we developed an urban
dataset comprising urban-scale building geometry, energy demand, urban microclimate data,
and subjective thermal comfort feedback data from urban dwellers.

This project is intended to provide a framework for this integration. While the num-
ber of participants in the occupant data collection was reasonably limited at 22, the study
is intended to show the potential for integrating subjective feedback data into larger-scale
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decision-making. Future applications could include feedback from anyone wearing a smart-
watch on campus, similar to how online ratings allow users to provide subjective feedback
on commercial establishments. Likewise, the integration with urban data should include a
broader time span to observe occupant responses during hot and cold seasons.

Integrating urban-scale datasets with subjective occupant feedback can allow planners to
better understand the effects of planning decisions on urban energy performance and occupant
well-being. Future applications for this dataset were presented, ranging from building-scale
occupant behavior modeling and district- to urban-scale building energy simulations and data
analysis studies relating to outdoor thermal comfort and wayfinding and data visualization in
urban digital twins.
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