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Abstract

Nearly 60% of building energy is used for space heat-
ing and cooling; yet, 40% of occupants are dissatisfied
with their thermal environment. There are many rea-
sons for such dissatisfaction, but a fundamental cause
is the reliance on a single temperature sensor to provide
comfort for all. This paper uses 6-month field experi-
mental data to analyze the spatiotemporal variations
in occupied spaces. Our results show that local tem-
perature can vary as much as 2◦C from the zonal ther-
mostat readings, especially in south-facing perimeter
areas. Hence, relying on a single thermostat to repre-
sent the entire zone creates blind spots in temperature
monitoring within the building. Strategic placement of
additional sensors can help to better represent individ-
uals’ thermal conditions and optimize HVAC control.
Given that temperature variations highly depend on
well-known parameters, such as building design and so-
lar geometry, future studies should explore their use to
predict local temperature of the building occupants.

1 Introduction

Nearly 60% of global building energy is used for space
heating and cooling to satisfy occupant comfort [1]. Yet,
40% of building occupants are dissatisfied with their
thermal environment [2]. Thermal comfort is one of
the primary functions of a building as it affects occu-
pant health [3] and productivity [4]. Hence, a logical
response to thermal dissatisfaction is to identify prob-
lematic areas and develop appropriate solutions to im-
prove occupant comfort. Unfortunately, most buildings
do not have adequate means to identify unsatisfactory
thermal conditions due to insufficient spatial coverage
in environmental monitoring (i.e., typically one sensor
per zone via a thermostat). Spotty monitoring of ther-
mal environment can cause: (1) persistent blind spots
in comfort management that can lead to unrepresenta-
tive temperature controls, and (2) reactive, complaint-
driven setpoint adjustments that can further aggravate
thermal dissatisfaction (e.g., overcooling).

Internet of Things (IoT) sensors offer high-resolution
environmental monitoring that can supplement zone
temperature readings from existing thermostats [5]. In-
creased visibility into occupants’ thermal environment

can help to identify and respond to comfort-related
issues with greater accuracy and precision. However,
there is lack of guidance on where to install additional
sensors and how to integrate sensor data into HVAC op-
eration to improve temperature control. To fill this gap,
this paper examines high-resolution sensor data from an
office building to: (1) characterize spatiotemporal vari-
ations in individuals’ thermal environment and (2) rec-
ommend optimal sensor placement strategies that can
best complement existing sensor network.

2 Methodology

In this section we describe the dataset and approach
used to analyze spatial and temporal variability in ther-
mal environment.

2.1 Field Study

The dataset used in this paper comes from the field
study described in [6], which tested IoT Personal Com-
fort System (PCS) - a heated and cooled chair with
embedded environmental sensors - in an office building.
The dataset consists of three types of data: (1) survey
data (background and point-in-time), (2) sensor data,
and (3) metadata. Metadata, including weather data
and PCS control behavior, is ignored in this study as it
does not contribute to the analysis. The data was col-
lected in the San Mateo County (SMC) office building
in Redwood City, CA, between April and October 2016.
37 office workers (17 males and 20 females) located on
the first and fifth floors of the building participated in
the field study. The majority of the participants (30 in-
dividuals) were located in open-plan office space, while
7 individuals were located in enclosed office space. Fig-
ure 1 shows the participants’ workstation location in
the field study building.

2.2 HVAC Systems

The building has a conventional single-duct variable
air volume (VAV) reheat with overhead air distribution
system, served by two rooftop units (RTUs) for south
and north parts of the building. The HVAC systems
is controlled by a Distech and Tridium/Niagara based
Building Automation System (BAS). The BAS trend
data is archived and accessed via a web-based software
called Trendr. The building’s HVAC system is in oper-
ation only during the occupied hours (typically 6 AM-6



Figure 1: Location of participant workstation and thermostats on first and fifth floors of San Mateo County office
building

PM), with some minor variability in starting time due
to an optimal start algorithm, and is turned off other-
wise.

2.3 Dataset

Survey data: An initial background survey was con-
ducted at the beginning of the field study to provide
information about personal characteristics and general
thermal comfort preferences. Point-in-time survey data
were collected three times per day for 12 weeks. Par-
ticipants were asked to identify their current thermal
comfort in terms of acceptability and preference (i.e.,
‘want warmer’, ‘want cooler’, and ‘no change’).

Sensor data: The sensor data consists of time-series
measurements from PCS chairs, HOBO data loggers,
and the central HVAC system. The PCS environmen-
tal sensors, located underneath the chair seat, recorded
air temperature and relative humidity at 20-s intervals.
HOBO sensors, located in each participant’s worksta-
tion near the breathing zone, recorded air tempera-
ture, relative humidity, and globe temperature (only
for perimeter offices) at 5-min intervals. Thermostat
temperature sensors recorded room temperature in each
thermal zone at 5-min intervals.

2.4 Data Preparation

Data from multiple sources were re-sampled at a 1-
minute rate to align them to points that were closest
to regular intervals of 1 minute. The forward filling
method was used to fill in missing values. |xt+1/xt−1| >
τ , then xt+1 is considered an outlier. For temperature
and relative humidity readings, τ is set to 10% and 20%
respectively. Outliers are treated in the same way as
missing values. Since the analysis focuses on the ther-
mal environment that individuals are exposed to, we
only used data during the occupied hours, from 6 AM
to 6 PM, excluding weekends and holidays.

2.5 Units of Analysis
To understand the spatial and temporal variability

across different building spaces, we analyzed individu-
als’ sensor data by (1) workstation locations, (2) floor
levels, (3) the time of day, and (4) survey responses on
thermal preference. First, we split the sensor data into
core and perimeter zones based on their proximity to
the building’s facade. The perimeter zone is further sub-
divided by the direction that each workstation is facing
(i.e., north, south, east, west). Two different floor levels
(1st and 5th) and the time of day (hours) are also con-
sidered in the analysis. To understand the effect of tem-
perature variations on occupant’s thermal preference,
the sensor data is compared to survey responses. Fi-
nally, several visualization techniques are employed to
show notable patterns in temperature variations across
different building spaces.
According to the previous study [6], relative humidity

was fairly constant across different workstations (mean
= 48%, standard deviation = 3.4%). Hence, this pa-
per focuses on the analysis of air and globe temper-
atures from HOBO sensors to characterize spatiotem-
poral variations in individuals’ thermal environment.
Note that globe temperature was only measured along
the perimeter workstations to estimate the effects of
mean radiant temperature near a window.
To quantify the difference between zone temperature

from the thermostats and local temperature readings
from the HOBO sensor, we create a new variable:

∆T = Tlocal − Tzone,

where Tlocal is the local temperature reading from the
HOBO sensor, and Tzone is the zone temperature read-
ing from the HVAC thermostat.

3 Result
This section reports key findings about spatiotempo-

ral variations across different building spaces.



Figure 2: Distribution of local and zonal temperature
difference for perimeter and core zones

3.1 Spatial Variations Between Workstations

Figure 2 shows the distribution of temperature differ-
ence between local and zonal readings across the partic-
ipant workstations. Table 1 provides a statistical sum-
mary of the data in terms of mean, percentiles and stan-
dard deviations. The data only includes occupied hours
(6AM-6PM) excluding weekends and holidays. A dis-
tinction is made between core and perimeter zones to
examine the effects of the building envelope on temper-
ature variations. Note that globe temperature was only
measured at perimeter workstations.

On average, ∆T (the difference between local and
zonal readings) was 0.58◦C and 0.44◦C in core and
perimeter zones respectively. The positive ∆T values
indicate that thermal conditions experienced by the oc-
cupants were typically warmer than what was measured
by the thermostats. This is particularly pronounced in
interior workstations (core zone) as the temperature
difference was mostly positive based on 5–95th per-
centile range (-0.2◦C-1.5◦C). The positive temperature
difference could be caused by equipment heat gain in
individuals’ workstation and/or thermal inertia of the
wall where the thermostat was mounted, slowing down
temperature increases during the day.

Occupants close to the building facades experienced
a greater temperature variation, with both colder and
warmer conditions than those in the interior locations.
The temperature difference in perimeter workstations
were anywhere from -0.9◦C to 1.94◦C based on 5-95th

percentile range with standard deviation of 0.91◦C.
This is likely due to the influence of solar heat gains
or losses through the building envelope in perimeter
zone that are not captured by thermostat sensors that
are typically installed on interior walls. These findings
show that the local thermal condition experienced by an
individual can be different than the thermostats read-
ing, depending on their location within the building and
the proximity to the facade.

Table 1: Statistical Summary of Temperature Measure-
ments

Variable Core Zone (◦C) Perimeter Zone (◦C)
Ta 5-95th -0.2 to 1.5 -0.9 to 1.94
Tg 5-95th - -1.21 to 1.56
Ta 25-75th 0.2 to 0.9 -0.1 to 0.93
Tg 25-75th - -0.37 to 0.53

Mean 0.58 0.44
Ta standard deviation 0.59 0.91
Tg standard deviation - 0.91

Figure 3: Distribution of local and zonal temperature
difference for north and south facades

3.2 Spatial Variations Between Building Fa-
cades

To further understand temperature variations across
the perimeter zone of the building, we created sub-
plots of the perimeter zone temperature distribution
based on direction facing, as shown in Figure 3. Only
north and south directions are included in this figure
since they account for the majority of the participants.
The temperature difference in south facing worksta-
tions was mostly greater than zero, meaning local con-
dition was largely warmer than the zone thermostat
readings. Based on 5-95th percentile range, we observed
∆T for Ta and Tg ranging from -0.5 to 2.8◦C and -0.6
to 2.6◦C respectively. Such result suggests that the tem-
perature variation in south facing workstations is highly
influenced by the solar heat gain from nearby windows.
As solar radiation increases, the local temperature in
southern perimeter zones would also increase in com-
parison to zone temperature. On the contrary, the north
facing workstations showed less correlation with respect
to the solar heat gain. This is likely due to the lack of
direct sunlight exposure during the day. The local tem-
peratures were both warmer and cooler than the zone
temperature reading, largely influenced by the diurnal
swings of outside temperatures. The mean temperature
difference at north facing stations stayed closer to zero
compared to south facing workstations.



Figure 4: Distribution of temperature between core and
perimeter zone

Figure 5: Distribution of temperature difference be-
tween core and perimeter zone

3.3 Spatial Variations Between Floors
As shown in Figure 4, the range of daily average

air temperatures between 6AM and 6PM were almost
the same across different floors, except for the first
floor core zone workstations. For workstations in first
and fifth floor perimeter zones, the temperature ranged
21.6-24.6◦C. A similar temperature range was observed
for the fifth floor core zone workstations, recording 21.8-
24.4◦C. However, temperature of the first floor core
zone was slightly lower than the other locations, with
both lower median (22.4◦C vs. 23.1◦C) and maximum
(25.3◦C vs. 26.8◦C) temperatures respectively. On av-
erage, the maximum air temperature for first floor is
about 1.5◦C lower than fifth floor (25.3◦C vs. 26.8◦C).
Both floors demonstrated similar standard deviation in
perimeter zone, recording 0.88 and 0.89 for first and
fifth floor respectively. Slightly larger difference was
recorded in core zone, recording standard deviation of
0.87 and 0.74 for first and fifth floor respectively.
Daily average air temperature difference between lo-

cal and zone temperature distribution are shown in Fig-
ure 5. In Fig 4, first floor core zone shows a wide range
of temperature and the mean is significantly lower than
other zones. In Fig 5, we also notice that temperature in
the first floor core zone shows larger deviations from the
thermostat reading. Although we expected to see sim-
ilar average temperature for both first and fifth floor
core zone, in reality there was a wider range of tem-

(a) Perimeter average hourly temperature

(b) Core average hourly temperature

Figure 6: (a) Average perimeter zone temperature at
individual workstations. (b) Average core zone temper-
ature at individual workstations.

perature for the fifth floor core zone. The difference in
the median air temperature difference between first and
fifth floor core zone could be due to the higher thermal
inertia of the first floor; the capacity of the walls to
store heat and delay its transmission is different than
the fifth floor. Given that fifth floor is the top floor of
the building, it naturally exposes to more direct solar
radiation from the roof.

3.4 Temporal Variations in indoor tempera-
ture

As shown in Figure 6a and 6b, local temperature
among perimeter workstations varied noticeably dur-
ing the day, ranging anywhere from 21.3◦C to 26.9◦C.
Core zone workstations had more moderate and con-
sistent temperatures than the perimeter zone worksta-
tions, ranging from 22.8◦C to 26.9◦C. The observed dif-
ference between perimeter and core zone temperatures
likely stems from the building facade design and orien-
tation as well as the effect of solar radiation. Weekly
average air temperature ranged from 21.3◦C to 26.9◦C
and 22.8◦C to 26.9◦C for perimeter and core zone re-
spectively. Hourly average across the two zones typi-
cally varied between 21.8◦C to 25.8◦C and 22.5◦C to
25.5◦C, with median hourly temperatures ranging be-
tween 21.5◦C to 26.4◦C and 22.3◦C to 25.7◦C. On aver-
age, the largest temperature difference between thermo-



stat and perimeter measurements takes place between
10AM and 2PM with about 2-3◦C difference, as pre-
sented in Figure 7a. On the other hand, the tempera-
ture difference in the core zone is minimal during the
same time since the heat gain from solar radiation is
not significant in this region. Thus, the local and zone
temperature readings are almost the same.

To understand how much of this variation was cap-
tured by the building’s thermostats, we plotted ∆T of
two sample workstations (IDs 36 and 38) by time of day
and week of year, as shown in Fig 7a and 7b). These
workstations are from south perimeter and core zone
respectively. Core zone ∆T (ID 36 in Figure 6b) stayed
relatively close to zero during occupied hours while
perimeter zone (ID 38 in Figure 6a) displayed higher
temperature differences throughout the day. This is
particularly pronounced in the afternoon as the perime-
ter zone heats up from solar radiation, which is not
picked up by the thermostats. Such result indicates
that thermostat sensors do not adequately capture lo-
cal temperature conditions in the perimeter zone and
may not be able to serve as an comfort indicator for
workstations that are affected by variations in solar ra-
diation.

3.5 Spatial variations in occupant comfort

Figure 8 summarizes the results of the occupants
thermal comfort responses collected from daily surveys.
On average, occupants located in the perimeter and
core zone prefer to be cooler 13% and 20% of the time
and prefer to be warmer 16% and 9%, respectively. Oc-
cupants in both zones are satisfied with the current
temperature 71% of the time. Note that occupants lo-
cated in the core zone often wanted to be cooler compar-
ing to the occupants in perimeter zone. In addition, oc-
cupants located in perimeter zone wants to be warmer
more often than occupants in the core zone. This could
be due to individuals having different heat tolerance,
as well as variations of solar radiations along different
building facades.

However, when we examine north and south facade
separately, we notice that occupants located on the
north side want cooler 8% of the time, whereas south
facing occupants want cooler 18% of the time. This is
in agreement with the physical measurements reported
in above sections that the temperature in south facing
workstations is warmer than north facing workstations.
Hence, occupants in south facing workstations desire a
cooler environment more often than north facing occu-
pants.

4 Discussion

4.1 Strategic placement of additional sensors

Individual occupants experience different tempera-
tures across different building spaces. Our results show

(a) Participant ID 38 - Average hourly temperature differ-
ence in June

(b) Participant ID 36 - Average hourly temperature differ-
ence in June

Figure 7: (a) Average perimeter zone workstation tem-
perature difference (local - zone). (b) Average core zone
workstation temperature difference (local - zone).

that the difference between local and zonal temperature
was significantly higher in perimeter zone than core
zone. In addition, when we compare south vs. north-
facing facades, we notice higher variability in the south-
facing facade. The difference is likely caused by the ori-
entation of the building and how individuals are ex-
posed to solar radiation. In particular, the south-facing
facade is heavily affected by the variations of solar radi-
ation, causing local temperature to be as much as 2◦C
warmer than zonal thermostat readings.

Conventional HVAC systems often rely on a sin-
gle thermostat to measure temperature for the entire
zone which often covers a large area with many oc-
cupants. This makes it difficult to capture the dis-
crepancy between zone and local temperature measure-
ments. The temperature discrepancy is particularly no-
table for workstations along the south-facing facade.
Based on where the thermostat sensor is located, tem-
perature readings used for HVAC systems may not rep-
resent the true local temperature an individual experi-



(a) Perimeter vs. Core zone (b) North vs. South facade

Figure 8: Thermal preference of occupants in perimeter vs. core zone and north vs. south facade

ences. Thus, relying on a single temperature reading
for zonal temperature control is insufficient to ensure
individual thermal comfort and can cause potential dis-
comfort.

Additional sensors can provide better coverage in
temperature monitoring in the building and can help
to address different comfort conditions across or within
the same zone. However, installing a temperature sen-
sor at every workstation may not be feasible for most
buildings. Our results show that a higher discrepancy
between local and zonal temperatures is observed in
perimeter workstations. The temperatures in core zone
workstations stay more consistent with the thermostat
readings. Thus, it would be more beneficial to place
additional sensors in the perimeter zone over the core
zone. We recommend that additional sensors to be pri-
oritized in offices along the south-facing facade as the
thermal conditions in these offices are heavily influenced
by the effects of solar radiation. We also suggest that
mean radiant temperature to be measured in perimeter
offices in addition to air temperature to better capture
the effects of solar radiation near the building facades.
Strategic placement of additional temperature sensors
will help to represent individuals’ true thermal condi-
tions, which can then help to optimize HVAC controls
and improve occupant comfort in the building.

4.2 Predicting local temperature

Core zone data shows the possibility to predict an
individual’s local temperature based on HVAC data
alone. Our results suggest that workstation tempera-
tures are consistent across all core zones. Moreover,
the difference between workstation temperatures and
thermostat readings is small throughout the day. Such
patterns show the possibility of developing a predictive
model that can provide close estimates of local temper-
atures for core zone using thermostat data alone.

In contrast, perimeter zone workstations show higher
variability across different locations and time of day.

This is most pronounced in south facade as they are
under greater influence from solar radiation than other
facades. Given that temperature variations in perime-
ter zone highly depend on building design and solar
geometry, it could also be possible to predict local tem-
peratures in perimeter zone using spatial and tempo-
ral variables. These variables can be extracted from ar-
chitectural drawings and building automation systems.
Additional environmental sensors such in strategic loca-
tions can also provide ground truth data to validate and
calibrate predictions. This topic is outside the scope of
this paper, and the idea is to be investigated in future
studies.

Additionally, spatial recommendation models can
be developed to determine workstations for occupants
based on their thermal comfort needs. Individuals have
different thermal preferences; some may always prefer
to be warmer or cooler. Instead of having assigned seat-
ing, occupants may enjoy the flexibility to choose their
workstation based on the thermal profile of a specific lo-
cation. In this scenario, individuals with similar thermal
preferences can be located in the same zone, which can
reduce disagreement about the thermostat temperature
and ultimately lead to higher thermal satisfaction.

4.3 Central system optimization

Current practice for comfort management relies on
a single sensor to control temperatures for an entire
zone. This approach is problematic if the local temper-
ature differs from thermostat readings. Thermal envi-
ronment can vary based on spatial and temporal condi-
tions across building spaces. This variation is not always
captured by the building’s thermostat sensors. Our re-
sults show that the difference between local and zone
temperatures can be as much as 2◦C based on the 95th

percentile, especially near the south-facing facade. Such
difference creates a blind spot for traditional controls
system to provide satisfactory comfort to every individ-
ual across the building.



Strategically placing additional environmental sen-
sors throughout the building can help to create a more
representative measurement of occupant’s thermal con-
ditions. Additional measurements can provide impor-
tant feedback to optimize the building’s HVAC opera-
tions and indoor temperatures. Additionally, PCS can
be deployed in parts of the building where the cen-
tral system is ineffective. PCS provides localized heat-
ing and cooling solutions that is independent of the
central system. For example, occupants closer to win-
dows could use a personal fan to cool their immedi-
ate space. If PCS can sufficiently address individuals’
comfort needs, those occupants can be excluded from
the temperature setpoint decisions, thus simplifying the
HVAC optimization process.

Alternatively, a hybrid system between physical mea-
surements via sensors and a data-driven approach can
be used to estimate local temperatures and optimize the
central HVAC operations. Since the temperature in core
zone is largely captured by a nearby thermostat sensor,
we can use the building’s thermostat data to predict
local temperatures of the core zone workstations. The
perimeter workstations can leverage strategic placing of
additional sensors to predict local temperature. Using
machine learning, it may be possible to develop a pre-
dictive model that can estimate local temperatures in
different building spaces with reasonable accuracy and
help to optimize HVAC control for individual thermal
comfort [7], [8].

5 Conclusion

The purpose of this paper is to report findings about
the spatiotemporal variations of indoor temperatures in
an office building located in northern California. Data
was collected from 37 individuals who participated in
a field study. Continuous measurements of environmen-
tal conditions and corresponding survey responses were
collected over the course of 6 months. From our results,
we draw the following conclusions.

• Depending on thermostat locations, temperature
readings used for HVAC control may not represent
the true local temperature an individual experi-
ences.

• For occupants near the building facade, the ther-
mostat reading is not reliable in reflecting their
true thermal condition - this is especially true for
the occupants located near the south facing facade.

• Strategic placement of additional temperature sen-
sors will help to represent individuals’ true thermal
conditions. This can help to optimize HVAC con-
trols and improve occupant comfort in the build-
ing.

• Given that temperature variations in perimeter
zone highly depend on building design and solar
geometry, it could be possible to predict local tem-
peratures in perimeter zone using spatial and tem-
poral data from the building.

• Since the temperature in core zone is largely cap-
tured by a nearby thermostat sensor, we can use
the building thermostat data to predict local tem-
peratures of the core zone workstations.

Given the variations in indoor temperature across
building spaces, the next step is to create a predic-
tive model that can estimate local temperature of an
individual using spatial and temporal parameters re-
ported in this paper. The accuracy of such model can
be improved by incorporating temperature readings of
additional sensors in locations that show significant de-
viations from the building’s thermostat readings (e.g.,
south facade workstations). This can help to reduce
blind spots in temperature monitoring in a building,
provide accurate representation of individuals’ thermal
conditions, and optimize the operation of the central
HVAC system to improve occupant comfort.
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the paper and should be omitted in favour of generic terms.
Response: Thank you for your suggestion. We decided to keep the name of the
BAS company/software to be transparent about the data collection conditions
that are specific to the field study building. The same was done in the journal
paper that reported about this field study: Kim, J., Bauman, F., Raftery, P., Arens,
E., Zhang, H., Fierro, G., ... & Culler, D. (2019). Occupant comfort and behavior:
High-resolution data from a 6-month field study of personal comfort systems with
37 real office workers. Building and Environment, 148, 348-360.



4. The resolution of the figures could be bumped slightly to improve quality for the
reader
Response: Thank you for the suggestion. We improved the resolution of all final
figures for better readability.

Reviewer #3: The paper presents a very interesting novel contribution on the sensor
density and the case for personalized comfort systems. The analysis makes use of field
data from a reasonably large population, therefore the results will likely make a lasting
contribution.

1. Please remove "for esim 2022" from the title of your PDF document.
Response: We removed “eSim 2022 conference” in the final version of the paper.

2. Survey data were stated to be collected three times per day for 12 weeks. Were
the time of day constant or randomized? If constant, please state the these
times. Also, a sentence on how these data were collected can be helpful
(Custom Web-App, Polling station?)
Response: An email reminder was sent to the study participants to encourage
survey participation. However, the exact timing of the survey submission was
determined by individuals’ availability and willingness. Please refer to the
previous journal paper for detailed description of the field study methodology:
Kim, J., Bauman, F., Raftery, P., Arens, E., Zhang, H., Fierro, G., ... & Culler, D.
(2019). Occupant comfort and behavior: High-resolution data from a 6-month
field study of personal comfort systems with 37 real office workers. Building and
Environment, 148, 348-360.

3. I recommend rewording the Figure caption 5. Delta distribution is rather
confusing, I believe the authors meant to say the distribution of the temperature
difference between...
Response: Thank you for the suggestion. We updated the figure caption
accordingly.

4. This is rather a minor point but for Figure 6, I recommend warmer colours for
higher temperatures and blue for colder temperatures.
Response: Thank you for the suggestion. We updated temperature colours to be
more intuitive for readers to understand.


