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ARTICLE INFO ABSTRACT

Keywords: This study investigates user behaviour, thermal comfort and perceived control in two office buildings, a
Heating controller part of the Living Lab Energy Campus project at Forschungszentrum Jiilich, Germany. A questionnaire-based
Building automation assessment was conducted at the end of the heating season in March 2024, with 91 responses. From January

Thermostat interventions
Window use

Thermal comfort
Perceived control

to March 2024, monitored data were collected on indoor and outdoor environmental parameters, occupant-
related data, and heating consumption. The findings reveal that distinct heating consumption profiles and
indoor environmental conditions may arise from variations in heating system supply, building age, offices
orientations, and user preferences. Adaptive opportunities through web-based interfaces (e.g., JuControl) and
Thermostat Radiators Valves (TRVs) were associated with reduced thermostat interventions and increased
user satisfaction. Contextual factors, including office orientation and desk type (fixed or shared)—significantly
influenced thermostat adjustments. The majority of respondents (74%) felt within the thermal comfort range
and 64% preferred to maintain same conditions, reflecting the efficiency of the heating controller. While
thermal discomfort was infrequent, occupants typically adjusted clothing or thermostats to maintain comfort,
often opening windows for fresh air. Additionally, 82% of respondents consider themselves savvy regarding
energy-saving practices, with common measures including shock ventilation and thermostat adjustments if
needed. Regression results showed that hybrid control systems—by combining thermostat automation and
manual window control—may enhance occupant comfort and perceived control in office environments. These
insights inform designers and researchers how to enhance the design and implementation of cloud-based
controller to ensure occupant-centric building automation while reducing energy use.

1. Introduction Building automation can lead to unintended behavioural effects
such as changes in occupants’ comfort expectations, conflicts between
In the European Union (EU), the building sector consumes about automated controls and occupants’ needs, or negative effects such
40% of the total primary energy consumption and contributes to one- as reduced satisfaction [4,7]. Thus, neglecting occupants in building
third of greenhouse gas (GHG) emissions [1,2]. The urgency to address control systems may lead to system overrides, reduced comfort and in-
the environmental impacts of this sector, particularly emissions from creased energy consumption [8]. Therefore, the success of such systems
building operations, requires immediate and informed actions [3]. The  depends on the effectiveness of automation technologies and the choice
deployment of Internet-of-Things (IoT) technologies presents a promis- of control algorithms in achieving energy efficiency and raising user
ing solution for mitigating and optimizing energy demand based on comfort and acceptance [9,10].
real-time occupancy patterns—aiming for net-zero operational emis- In office environments, thermal comfort is crucial for occupant
sions [4]. For instance, the improvement in building equipment, de-  health, happiness and productivity [11]. According to ASHRAE, ther-
ployment of sensors, actuators and controllers, can achieve more than mal comfort is defined as "that condition of mind that expresses sat-
30% of aggregated annual energy saving [5]. However, ensuring oc- isfaction with the thermal environment'. Adaptive behaviours such
cupants’ comfort as well as energy savings have become essential in as adjusting clothes, opening a window or adjusting the thermostat,

optimal building design and operation, as comfort plays a crucial role

play a significant role in achieving this comfort [12]. These adaptive
in human well-being and productivity [6].
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Acronyms

EBC Energy in Buildings and Communities

EU European Union

FZJ Forschungszentrum Jiilich

GHG Greenhouse Gas

HVAC Heating, Ventilation, and Air Conditioning
IAQ Indoor Air Quality

ICT Information and Communication Technology
IEA International Energy Agency

IEQ Indoor Environmental Quality

IoT Internet-of-Things

LLEC Living Lab Energy Campus

MPC Model Predictive Control

NFA Net Floor Area

OCC Occupant-Centric Control

PICO Personalization-Integrated Co-Optimization
PMV Predicted Mean Vote

TRVs Thermostat Radiator Valves

TSV Thermal Sensation Votes

ORs 0Odd Ratios

behaviours—in particular window opening and temperature setpoints
adjustments—are major drivers of energy use in buildings [13-15].
Several studies [10,16-21] suggested that the perceived control (i.e., in-
dividuals perception of their personal control) and thermal satisfaction
with workplace environments are closely connected. Therefore, without
a degree of personal control, occupants can be dissatisfied with indoor
thermal conditions. In a large-scale study, Karjalainen and Koistinen
[22] found that both thermal comfort and perceived control of heating
and cooling systems are lower in office buildings, compared to residen-
tial settings. If perceived control of thermostat adjustments is low, users
may turn to space heaters or open windows, often leading to excessive
energy consumption [23].

Considering these challenges in understanding the impact of build-
ing automation on occupant comfort and perceived control, this study
presents a comprehensive assessment of the performance and effec-
tiveness of a cloud-based heating controller on heating consumption
and indoor thermal conditions. The controller is deployed in two office
buildings, as part of the Living Lab Energy Campus (LLEC) project at
Forschungszentrum Jiilich (FZJ). The controller is designed to easily
incorporate user setpoint preferences from different sources, provide re-
liable fallback solutions, and be scalable across multiple buildings [24].
This study then examines the controller’s impact on thermostat and
window interactions, as well as its effect on user thermal comfort
and perceived control under real-world conditions, aiming to opti-
mize controller operation for occupant comfort and satisfaction, whilst
maximizing the energy efficiency.

2. State-of-the-art

In recent years, a significant amount of research has focused on
bridging the gap between human comfort studies and building control
systems, particularly in line with IEA EBC Annex 79 activities [25]
and other related studies [9,10]. Occupant-centric control (OCC) seeks
to balance energy savings with occupant comfort and prioritize user
well-being and satisfaction. While several studies addressed the main
challenges and opportunities to implement OCC in real-world set-
tings [4,6,26-28], a comprehensive assessment of such implementa-
tions in terms of occupant comfort and acceptance remains limited.
This study evaluates a heating controller, that integrates user wishes of
temperature setpoints via a web-based interface or physically through
thermostat radiator valve (TRVs), while maintaining comfort and en-
ergy efficiency. The controller gives the highest priority to manual
user setpoints, followed by scheduled preferences, and finally a fallback
schedule [24].
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2.1. Thermostat control: Impact on comfort, perceived control, and energy
use

According to Fanger [29], there is no single thermal environment
that makes everybody satisfied. Accordingly, providing personal con-
trol over the thermal environment is important for improving occupant
satisfaction [17,30] and productivity [31]. An experimental study [18]
showed that perceived control can improve the thermal comfort of the
occupants in winter. They suggested to provide users different ways
to effectively control the thermal environment (i.e., through windows
and thermostat). In similar study, Karjalainen [16] investigated the
impact of thermostat use on thermal comfort and perceived control
over room temperature. A quantitative survey was conducted with a
sample of 3094 participants in homes and offices in Finland, during
winter and summer seasons. The findings revealed that the thermal
comfort levels were significantly higher in homes than offices, and the
perceived control was notably lower in offices, since occupants had
fewer adaptive opportunities to control their thermal environment.

Several studies further explored how building automation and con-
trol strategies enhance user satisfaction and perceived control [9,19,
32]. For instance, Tamas et al. [10] explored the impact of building
automation on perceived comfort and control among 170 workspaces in
23 institutional buildings at a Canadian University campus. The study
employs a mixed-methods approach, including interviews and surveys.
A general preference for manual control was noted, with higher sat-
isfaction in private offices. The results showed that the availability
of adaptive control options significantly enhanced perceived comfort.
To enhance user satisfaction, some studies recommended providing
occupant training on buildings systems and controls, along with well-
designed interfaces that increase system transparency and provide users
with information to effectively use their systems [21,33].

With a focus on thermostat control in office buildings, an earlier
study by karjalainen et al. [22,34] aimed to assess and improve the
usability of thermostat controls by developing guidelines that address
common user challenges, to improve user thermal comfort, satisfaction
and productivity. The study conducted contextual interviews with 27
office occupants in 13 buildings in Finland. Participants were mostly
working in private offices, with access to local temperature controls
(e.g., thermostat valves and room thermostats). The study found that
effective thermostat controls should be simple, accessible, and provide
clear feedback to users, allowing for specific temperature adjustments.
Key recommendations include enhancing control visibility, using intu-
itive symbols, offering immediate feedback, are suggested to improve
user satisfaction and comfort in office settings.

In another study, with the aim to improve perceived control in
offices by addressing usability issues of thermostat interface, Brackley
et al. [21] employed a three-phase approach study in 25 offices within
an institutional building in Ottawa, Canada. The offices were identical,
each with a single window facing the northeast facade, except two
corner offices. The authors assessed existing controls, developed new
features to improve the functionality of the user interface, and feedback
was gathered from the users. The results suggested considering human
factors principles like clear feedback, and emphasizing the need to
incorporate human factors research to improve perceived control. Due
to the small sample size (4 participants), the study focused only on
qualitative responses, making it impossible to draw broad conclusions.

In the study by Liu et al. [35], the authors developed and evaluated
a user-interactive thermal environment control system that enhances
energy efficiency and occupant satisfaction in office buildings. A proto-
type system, integrated with a model-predictive HVAC controller, was
tested in a three identical south-facing offices located in West Lafayette,
Indiana. The occupants were allowed to adjust the thermostat settings
via a web interface displaying real-time energy feedback. The results
showed that occupant overrides contributed up to 55% of additional
energy use, but providing real-time energy information reduced this
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by 36%, as users selected setpoints closer to energy-efficient recom-
mendations without compromising comfort. An utility-based decision
model was developed and validated, demonstrating that occupants
balance comfort and energy considerations when adjusting thermostats.
The study recommends implementing interactive thermostat interfaces
with real-time energy feedback to promote energy-efficient behaviour
while maintaining comfort. Finally, the authors point out that a more
longitudinal study across different office layouts should be carried out
to enhance the generalizability of the findings.

Belazi et al. [14] investigated the impact of thermostat settings on
building energy demands during the heating and transition seasons in
residential buildings in France. The study combined experimental mon-
itoring and numerical modelling in 18 apartments to analyse occupant
behaviour and its effects on energy consumption. The study found high
variability in heating consumption, ranging from 441 kWh to 3157 kWh
across apartments, largely driven by stochastic occupant behaviour. A
probabilistic model was developed based on environmental factors such
as outdoor temperature, indoor humidity and CO, levels to improve
energy consumption predictions over traditional deterministic models.
However, the study did not examine the impact of thermostat settings
on indoor thermal comfort conditions.

Stopps and Touchie [36] examined occupant thermal comfort and
HVAC operation in two high-rise residential buildings located in
Toronto, Canada. Both buildings were constructed after 2012 and
have highly-glazed envelops. Occupants have control of their in-suite
temperature setpoint through a thermostat which controls the HVAC
system. The research utilized field data collection methods, including
surveys, and connected thermostat data, to infer occupant comfort
and identify opportunities for improved energy efficiency and com-
fort. Despite the presence of in-suite controls, the research revealed
prevalent thermal discomfort, with the Predicted Mean Vote (PMV)
model and setpoint deviation not consistently aligning with occupant-
reported thermal sensation. This study demonstrates the potential of
smart thermostat data as a tool to detect ways to save energy in
buildings.

Personalized control strategies was developed to improve energy-
efficiency and user experience in HVAC systems. For example, Meimand
and Jazizadeh [37] introduced a novel occupant-centric framework
called PICO (Personalization-Integrated Co-Optimization) for HVAC
systems to enhance energy efficiency and peak reduction while consid-
ering occupant preferences and sensitivities to indoor thermal environ-
ments. Through a comprehensive uncertainty quantification analysis,
the framework was evaluated against three common control strategies,
showing increased efficiency and peak time productivity. The results
demonstrated up to an 18.3% increase in peak time productivity and
a significant reduction in standard deviations for thermal comfort
experience. The evaluation was conducted in a simulation environment,
highlighted the potential of personalized control strategies in achiev-
ing energy savings and enhancing user comfort in buildings. Future
research is directed towards real-world testing to validate these results
in practical settings.

2.2. Research gaps and contributions of the study

Most existing literature focused on thermostat controller’s evalua-
tion from a single perspective, particularly energy demand, neglecting
occupant thermal comfort, which is a critical factor for user satisfaction
and system effectiveness. Additionally, several studies were limited to
single-occupancy offices or specific building types (e.g., residential,
office, or institutional), limiting the generalizability of their findings.
Many previous studies rely on short-term field studies—often based on
small sample size—or simulations, leaving a significant gap in conduct-
ing long-term and real-world evaluations. To this end, this study aims
to fill in several of these gaps by addressing the following objectives:
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» Provide a comprehensive real-world assessment of a cloud-
based heating controller, evaluating its impact on heating con-
sumption, user behaviour, thermal comfort, and perceived con-
trol.

Examine the combined impact on thermostat interventions and
window openings, considering both as adaptive behaviours re-
sponse to indoor thermal conditions, extending beyond previous
studies that focused only on thermostat adjustments.

Conduct a comparative study across two office buildings with
varying construction ages, comprising different offices layouts
(e.g., orientation and floor level), occupancy level (e.g., single,
shared and open-plan offices), and desk-sharing types (e.g., fixed
or shared) to understand how building design and envelope char-
acteristics influence controller effectiveness.

To achieve the aforementioned goals, this paper used a mixed-
methods approach including a web-based questionnaire with monitored
datasets in two pilot studies to assess how the controller influences
occupant behaviour (i.e., thermostat interventions and window open-
ing), thermal comfort, satisfaction and perceived control. This paper
contributes to the field by offering empirical insights into how heating
automation can be optimized considering different office layouts, types,
and different building typologies and structure. These insights inform
designers and researchers how to enhance the design and implemen-
tation of a cloud-based controllers for more occupant-centric building
automation, while reducing energy use.

The remainder of this work is structured as follows: In Section 3,
we introduced the case studies characteristics and the methodology
employed in this work, including the questionnaire design, monitored
datasets and statistical analysis. Afterwards, Section 4 presents an
overview of the heating controller’s impact on indoor climate and
heating consumption, then details and discusses the main results of
the questionnaire, including its impact on thermostat and window
use patterns, thermal comfort, and perceived control, followed by a
clarification of user engagement and energy-savvy measures. Finally,
Sections 5 and 6 summarize the main conclusions, recommendations,
and limitations of this study.

3. Methods

The cloud-based heating controller was evaluated using a mixed-
methods approach. A web-based questionnaire was distributed on
March 5th, 2024, and remained open for one week across two build-
ings. In addition, real-world measurements were collected from a local
server database during the heating season, spanning from January to
March 2024.

3.1. Buildings and climate

The assessment analysis covers 77 offices across two institutional
research buildings, namely Building A and B (see Fig. 1), being part
of the Living Lab Energy Campus (LLEC) project at Forschungszentrum
Jillich (FZJ), Germany. LLEC is a comprehensive living lab compris-
ing 16 buildings equipped with sensors and actuators to test novel
monitoring and model-based control approaches at room, building, and
district levels [38]. An advanced ICT platform was developed as part
of the project to manage decentralized energy sources and facilitate
occupant-centric room automation and building controls [39].

An overview of the key characteristics of the buildings is pro-
vided in Table 1. Building B represents a contemporary construction—
completed in 2021, while Building A is an older, non-retrofitted buil-
ding—constructed in 1976. Building A is a two-storey, L-shape struc-
ture oriented towards southeast (SE) and northwest (NW), while Build-
ing B is a three-storey, rectangular structure oriented towards northeast
(NE) and southwest (SW).
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Table 1
Buildings A and B key characteristics.
Building A Building B
Construction year 1976 2021
Number of floors 2 3
NFA (m?) 999 2003
Building orientation NW, SE NE, SW
Number of monitored offices 32 45
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Fig. 1. Architectural plan and exterior views of Building A (a,c) and Building B (b,d).

The questionnaire was released between the 5th and 11th of March,
2024. Some questions evaluated the participants’ momentary feelings
(i.e., thermal sensation and preferences), while others assessed their
experiences during the heating season. From the 26th of February to
11th of March, 2024, the week preceding and the week including the
distribution time of the questionnaire, the average outdoor temperature
was 6.9 °C, and average relative humidity was 77.6%. The study period
from January to March 2024 experienced generally cold weather, with
a mean daily average outdoor temperature of 5.7 °C. The temperature
fluctuated significantly, with extreme values ranging from —11.8 °C to
19.4 °C. Fig. 2 shows the daily mean, min and max of the floating
average ambient temperature (calculated using a 10-sample window)
during the study period, highlighting the week of the questionnaire
distribution. The daily average relative humidity ranged from 33.3%
to 100%, with a mean of 82.1%. These conditions highlight the impor-
tance and the need of an effective heating controller, and provide a
relevant context to assess thermostat use and thermal comfort, as users
experienced substantial variations in weather conditions.

3.2. Monitored offices and observed data

The evaluation of the heating controller was performed on 32 offices
in Building A and 45 in Building B. The offices varied in terms of
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orientation, size, occupancy, desk-sharing and floor level. Each office is
equipped with one or more operable windows. Offices in both buildings
are equipped with indoor air quality (IAQ) multi-sensors, thermostat
radiator valves (TRVs), and “smart” window handles which report
the window states (i.e., open, tilted, or closed). More details about
the devices and communication protocols can be found in [38]. The
monitored datasets were extracted from a cloud-based database server.
Data fetching, preprocessing, cleaning, filtering and visualizing were
performed in Visual Studio Code (v1.100.0) and OriginPro 2024. The
monitored datasets are as follows:

» Outdoor environment-related data such as outdoor temperature
(°C) and relative humidity (%). Weather data was collected from
the meteorological weather station tower located at FZJ, recorded
every 10 min.

+ Indoor environment-related data such as indoor temperature (°C),
relative humidity (%), and CO, concentration (ppm), measured
by IAQ multi-sensor, recorded every 15 min.

» Occupant behaviour-related data such as window state (0: closed,
1: tilted position, 2: partially to fully open), temperature set-
point triggered by controller, temperature setpoints triggered by
users, radiator valve opening (0%-100%), all are recorded as
event-based measurements.

3.3. Heating controller

The TRVs, installed at the radiators in both considered buildings,
are controlled by a dedicated automation application allowing the
integration of user wishes in different ways. As a result, users can
indicate their setpoint preferences and anticipated presence through
a web-based interface, named JuControl [40], as well as setting a
manual setpoint temperature at the TRVs, disabling the automatic
mode for 8 h. JuControl is a web application with graphical interface,
provide access to room level real-time and historical data (e.g., indoor
conditions and the state of window and door), as shown in Fig. 3. For
more details about JuControl’s design including interactive logic and
feedback mechanisms, please refer to Ubachukwu et al. [41]. Currently,
access to JuControl is granted only when all users assigned to an
office consent to the data policy agreement. Once access is granted,
the heating controller is automatically activated based on the calendar
inserted in JuControl.

During unoccupied times, a night-setback is applied. In case no
setpoint wish was provided by a user, a fallback setpoint of 19 °C
during working time and 17 °C during night time is applied. The
current configuration of the automation generates a setpoint trajectory
based on the input data provided by the occupants. One variant of a
rule-based control approach applied to the TRVs involves shifting any
increase in the temperature setpoint by a timespan (4r) in advance
to achieve the desired temperature on time, as shown in Fig. 4. At is
assumed based on an engineering guess to mimic MPC. Further details
about the design and architecture of the controller can be found in [24].

3.4. Questionnaire

A web-based questionnaire was conducted in LimeSurvey, an online
survey tool (https://www.limesurvey.org/). The survey was conducted
to understand user behaviour with thermostat automation and window
opening, and evaluate their thermal comfort and perceived control. The
design of the questionnaire was based on other questionnaires, used in
related previous studies [21,35,36,43]. The questionnaire consists of
38 questions grouped in six sections, see Appendix A.1. The first two
parts comprise questions about occupants’ demographic data (i.e., age
and gender), and contextual and time-related data (i.e., work activity
and workplace). The third part involves questions about how often and
when the users interact with thermostats and windows. The next two
parts focus on thermal comfort assessments (i.e., thermal sensation,


https://www.limesurvey.org/

G. Derbas et al. Building and Environment 283 (2025) 113345

20 —— Mean of temperature Questionnaire distribution time
-=-=--Min of temperature
Max of temperature
10

Ambient temperature (°C)

I
o

Jan Feb Mar
2024

Time

Fig. 2. Daily mean, min and max of floating average ambient temperature during the study period. The highlighted area represents the period when the questionnaire was
distributed.

TJ JuControl V2 10.21U /4002 [Full access] @ @ show advanced view

My Room B 1 - il CHARTS [ 3 °) ¥ My Desk Bookings

Desk Booking / / // / < Time period
4

My Preferences m—— Heating
B
Notifications

Management

Radiators

Hel
i m

Report issue

CO,CONCENTRATION ~ HUMIDITY  LUMINOSITY ~ WINDOWSTATE  DOORSTATE  TEMPERATURESETPOINT  RADIATORS

Room temperature (°C)

0300 0400 0500 0600 0700 0800 0900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000 2100 2200 2300 Wed,

From  11.03.202500:00 B © 120320250000

Fig. 3. Screenshot of JuControl, a web-based interface (https://www.fz-juelich.de/de/blogs/llec/2022).

3.5. Statistical analysis

Temperature| =006« < - << — raw
Setpoint !
1 —= preprocessed L. . . L. )
1 Statistical analysis was performed using IBM SPSS statistics version
1
—_—— ] 29.0.2.0 (20) software and Visual Studio Code (v1.100.0). Descrip-
m — tive statistics and cross tabulation were used to analyse the data. To
-— test the normality, Shapiro-Wilk test was conducted on the datasets.

Shapiro-Wilk test is commonly used for small samples. Null hypothesis
is rejected when p-value is less than 0.05, the data is not normal.
If normality is rejected, the Mann-Whitney U test, a non-parametric
test, was applied to determine any significant differences between two

Fig. 4. Schematic on setpoint trajectory preprocessing as introduced in [42].

preferences, acceptance and satisfactions), and users’ perceived control independent groups. The independent-samples Kruskal-Wallis test was
and satisfaction. Last part includes questions about user engagement of used to find significant differences between three or more independents
energy-saving measures. The questionnaire was approved by the local groups. Both tests are used for continuous or ordinal data (e.g., Likert
ethics of Executive Board Office at FZJ before being conducted. scale: 1 to 5 or satisfaction votes), while Chi-square test is used for
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Fig. 5. Daily profile of heating consumption of (a) Building A and (b) Building B. The red line represents the average daily profile of heating consumption. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

categorical data to assess the association between the variables. Or-
dinal logistic regression is used to assess the association between the
explanatory variables (i.e., one or more independent variable) and an
ordinal outcome (i.e., dependent variable). Odds Ratios (ORs) are used
to interpret effect sizes and estimate the strength of association between
predictor and outcome variables. An OR value of one means there is no
association between the predictor and the outcome.

4. Results and discussion

First, an overview is provided of the heating controller’s impact on
energy consumption, temperature setpoints and indoor environmental
conditions. Following this, the main results of the questionnaire are pre-
sented, covering demographic and contextual information, thermostat
and window use patterns, thermal comfort assessment, user satisfaction
and perceived control, as well as energy-savvy measures. Preliminary
results of the questionnaire were presented in [42], covering a different
period of study.

4.1. Overview of heating controller performance

This section presents the impact of heating controller on heating
consumption daily profile, temperature setpoints and indoor climate
conditions such as indoor temperature (°C), CO, concentration (ppm)
and relative humidity (%).

4.1.1. Impact on heating consumption daily profile

Fig. 5 (a & b) shows the heating consumption daily profiles for
Building A and B during the study period. The distinct patterns showed
of each day can be explained by differences in heating system’s supply,
which maintain the indoor temperature based on user preferences
and controller setpoints. Fig. 5 (b) demonstrates a notable increase
in the average daily profiles in Building B around 5:00 am due to
the controller recovery of the night setback, in order to warm up the
buildings before occupants’ arrival. In the evening, a corresponding
decrease around 6:00 pm aligns with the end of typical working hours.
In Fig. 5 (a), different average profile is observed in Building A, the

peak of heating consumption starts at 3:00 am and decreased around
5:30 pm. These differences can be a result of different building age
and envelope structure, discrepancies in occupancy level and occupant
setpoints preferences. More details can be found in [44].

4.1.2. Impact on temperature setpoints

The mean daily average temperature setpoints in offices, stem-
ming from all user input interfaces—including JuControl schedules,
direct setpoint input, and TRVs—ranged between 16.8°C to 18.2°C in
Building A, and 16.8°C to 19.3°C in Building B. These results reflect
different user preferences (uncertainty) in terms of thermal comfort
which influence the indoor thermal conditions. As shown in Fig. 6 (a),
the highest mean temperature setpoints in Building A were recorded in
SE facing offices, while the lowest were in NW facing offices at 17.4°C,
which is below the default heating controller setpoint. Fig. 6 (b) shows
the distribution of temperature setpoints derived only from online
interfaces, excluding any local interaction, for offices in Buildings A
and B, grouped by their orientation. Non-significant differences were
observed in the mean of controller setpoints across different orienta-
tions with an average ranging between 16.7°C to 17.1°C. Regarding
valve operation, daily opening averages ranged from 03% to 33.3% in
Building A, and from 6% to 28.7% in Building B, as shown in Fig. 6
(c). The low averages of temperature setpoints can be attributed to (1)
the low occupancy level during the study period, or (2) few occupant
interventions to increase the controller setpoint.

4.1.3. Impact on indoor environmental conditions

The daily average indoor temperature in offices of Building A fluctu-
ated between 17.1 °C and 21 °C, and in Building B between 18.6 °C and
22.1 °C. Higher indoor temperature in Building B can be assigned to the
efficient thermal insulation of building envelop compared to Building
A. These fluctuations can be explained due to different offices’ orienta-
tion, occupancy and the capacity of heating radiators. In Building A, the
CO, concentration daily average ranged from 516 to 1957 (ppm), while
in Building B ranged from 863 to 1950 (ppm), attributed to differences
in occupancy level and ventilation rates. However, relative humidity
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daily averages remained within comfort levels with (37.5%-48.6%) in
Building A and (39.8%-52.5%) in Building B.

Fig. 7 illustrates that NE and SW facing offices showing the highest
average temperatures (approximately 19 °C), while NW and SE facing
offices showing the lowest in Building A (between 18 °C-19 °C). This
can be explained due to space orientation or different institutes’ em-
ployees, as NE and SE wing belongs to one institute, and NW and SE
belongs to another institute. Higher indoor temperatures are observed
in NE and SW facing offices in Building B (above 19 °C). Additionally,
Building B offices showed higher CO, levels compared to Building A
offices, possibly due to (1) the prevalence of shared and open-plan
offices in Building B, contrasting with mainly single offices in Building
A, and (2) the significantly higher air tightness in Building B. This
result can explain the high frequency of window opening, reported from
respondents in Building B compared to Building A, as presented in Fig.
11.

Based on the aforementioned findings, the study suggests that dif-
ferences in building age and envelope structure, user preferences, and
offices orientations, contribute to variations in energy consumption
and indoor environmental conditions. This highlight the importance
of considering these factors while developing the heating controller to
ensure comfort and energy efficiency in the buildings.

4.2. Key findings of the questionnaire

The main results of the questionnaire are presented in the following
sections, covering demographic and contextual information, thermostat
and window use patterns, thermostat comfort assessments and discom-
fort actions, user satisfaction and perceived control, and energy-savvy
measures.

4.2.1. Demographic and contextual information

A total number of 91 respondents completed the survey (a response
rate of 57%), with 25.3% from Building A (N=23, representing 39% of
building’s occupants), and 74.7% from Building B (N=68, representing
54% of the occupants). The achieved response rate is considered accept-
able for behavioural studies in work environments, especially where
participation is voluntary. Moreover, the sample yields an acceptable
margins of error (6.8%) at a confidence level of 95%, ensuring that
the findings reliably reflect the broader population. Among the par-
ticipants, 56% identified as male, 43% as female, and 1% as other.
Regarding age, 37.4% are between (18-29) years old, 33% are in the
(30-39) range, and 29.7% are above 40. More than 60.4% of the
respondents are working for more than 2 years, 26.4% are in the office
for 1-2 years, and 13.2% are working for less than one year. Table
2 summarizes the demographic information of respondents per each
building.

Regarding the working time, about 74% of occupants in Building
A and 44.1% in Building B reported working from the office for three
days or more. Notably, the majority of occupants (76.9%) are working
typical work hours, few people work in the morning (8.8%), and
14.3% of occupants do not have a regular time. More than half of the
occupants (64.8%) have a fixed desk, while the rest have a shared desk
with two or more people. Fig. 8 (a & b) illustrates the frequencies of
daily working hours and desk type per each building.

About 56% of the observed offices are open-plan offices (more
than 3 people), while 25.3% are shared offices (2-3 people) and only
18.7% are single-occupancy offices. Approximately half of the occu-
pants (53.8%) work in NE facing offices, 35.2% in SW facing offices,
and 11% are distributed between SE and NW facing offices in both
buildings. The highest percentage of respondents in NE and SW is
mainly due to the long axis of Building B facing both directions. The
offices are distributed equally between the 1st and 2nd floors (38.5%
and 36.3%, respectively), while less participants are located on the
ground floor (25.3%). Table 3 summarizes the frequencies of offices’
types, orientations and floor levels in Building A and Building B.
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Table 2
Demographic information of respondents per building.
Gender Age Contract duration
Male Female Other 18-29 30-39 40-49 50-59 >2 years 2 years and less
Building A 65.2% 34.8% 0% 34.8% 39.1% 13% 13% 73.9% 26.1%
Building B 52.9% 45.6% 1.5% 38.2% 30.9% 11.8% 19.1% 55.9% 44.1%
Table 3

Offices description per building.

Office type Orientation Floor level
Single Shared Open plan NE SE SwW GF first floor second floor
Building A 34.8% 39.1% 26.1% 21.7% 17.4% 26.1% 34.8% 47.8% 52.2% 0%
Building B 13.2% 20.6% 66.2% 64.7% 0% 35.3% 17.6% 33.8% 48.5%
100 100+
B All day
I Mornings only
80 [ Mixed (some mornings, some afternoons) . 80 -
3 |do not have a regular time R
>
2 60
~ Rl
* 60 =3
= 2
) = 89%
g 2 40+ 78%
g K]
£ 40 T
= x 204 [ More than one time
2% [ Once per day
[ More than one time
[ Once per week
20 34.8% 0 [ Never
Building A | Building B | Building A | Building B | Building A | Building B
11.8% TRVs (with access to TRVs (without access to
0 o o 4.4% 12:9%: JuControl JuControl) JuControl)
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(a) Fig. 9. Relative frequency of thermostat adjustments using JuControl, TRVs with access
to JuControl, TRVs without access to JuControl. It was introduced in [42].
100
Il Fixed desk
[ DelaliEnhg i 23 peeple Frequency of thermostat adjustment
80 W Desksaring with more than 3 people First, participants were asked if they have access to JuControl or
not. In Building A, 82.6% of the respondents reported having access to
JuControl, compared to 75% in Building B. Occupant who have access
2 60 to JuControl often did not tend to adjust the temperature setpoint using
> JuControl, with 89% in Building A and 78% in Building B. Only 8%
5 of respondents adjusted the thermostat setpoint once or more per day,
g 40 82.6% as illustrated in Fig. 9. Interestingly, people tended to override the
w thermostat via the TRVs more often than JuControl, with 47% did it
once or more per week in Building A, and 41% in Building B.
20 Additionally, user interventions via TRVs were more frequent among
those without access to JuControl. A bout 75% of occupants in Building
A adjusted the TRVs once per week, while 35% in Building B did
0 8.7% | so once or more per day. These findings align with previous studies

Building A

Building B

(b)

Fig. 8. Frequencies of (a) Daily working hours and (b) Desk type per building.

4.2.2. Thermostat and window use patterns

Participants were asked about how often they adjust the thermostat
using JuControl and TRVs, and windows over the past week, using
a 5-point Likert scale (1: never, 5: more than one time per day). To
gain deeper insights into user behavioural patterns, respondents are
categorized into three groups based on their interaction frequency:
passive users (low group), who adjusted the thermostat either never or
only once per week; normal users (moderate group), who adjusted it
more than once per week; and active users (high group), who adjusted
it once or more per day.

suggesting that increasing the number of adaptive opportunities sig-
nificantly increases occupant satisfaction, which can limit occupant
adaptive actions [10,16,45]. In the following subsection, the analysis
of this study focused on user-thermostat interventions frequencies only
for those with access to JuControl, as the percentage of respondents
without access (23.1%) was too small for meaningful analysis.

Contextual and time constraints impact on thermostat use patterns

As shown in Fig. 10, the relative frequency of thermostat interven-
tions—normalized across contextual and worktime constraints such
as building, office orientation, floor level and working hours—was
analysed for three user groups (low, moderate, and high). For example,
occupants in Building B exhibited a higher frequency of TRVs adjust-
ments compared to those in Building A, with 72% assigned to high
and moderate groups. Moreover, occupants in SE and SW facing offices
were more likely to adjust the thermostat than those in NE and NW
facing offices. Interestingly, occupants on the 2nd floor of Building B
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were less often to adjust the thermostat, with 86% were assigned to
low and moderate group. This behaviour may be attributed to different
reasons: (1) Occupants on this floor were more familiar with JuCon-
trol and heating controller automation. This aligns with the findings
of Day and Gunderson [33], who reported that occupants who received
training or were familiar with building controls were significantly more
likely to be satisfied with their workplace environment. (2) The high
exposure of the 2nd floor surfaces to sunlight may have increased the
operative temperature. However, since the operative temperature was
not measured in this study, this explanation cannot be confirmed.

People situated farther from the TRVs showed a greater need to
adjust the TRVs compared to closer ones, likely due to feeling colder
at a distance. The Chi-square test revealed that office occupancy sig-
nificantly influenced thermostat use frequency (p-value = 0.04), the
single-occupancy offices exhibiting the highest frequency, with 89%
were assigned to high and moderate group (active users). Moreover,
64% of unsavvy-energy occupants were assigned to high group, while
37% of savvy and 10% neutral were assigned to the same group. How-
ever, none of the aforementioned factors demonstrated a significant
association with thermostat interventions (p-values > 0.05). Majority
of the occupants who are coming in the mornings only are assigned to
high group (active users) with 85%. Interestingly, occupants with fixed
desks tended to adjust the thermostat more often (only 24% assigned to
low group) compared to those sharing desk with two or more people.
One possible explanation is that users with fixed desks may spend more
time at their workstations, making them aware of temperature changes
and more likely to adjust the temperature setpoints.

Window adjustments and position states

Similarly, the user interaction with window opening was grouped
into 3 categories (low, medium, and high) to identify the use patterns
frequencies in terms of building, orientation, floor, occupancy, and
desk-window distance, energy-saving considerations, as shown in Fig.

11. Contrary to the frequencies of thermostat adjustments, occupants
tended to open the window very often during the day. For instance,
about 75% of respondents were assigned to high and moderate groups
in Building B compared to 51% in Building A. Both office orientation
and occupancy were found to statistically significantly influence the
window opening frequency based on Chi-square test (p-value < 0.05).
The lowest frequency of window-opening behaviour was found in NW
facing offices, while the highest occurred in SE and SW facing offices.
Similar frequency was assigned to moderate and high group (70%)
in single and shared offices, while 60% were assigned to high group
in open-plan offices. Non-significant difference was found in terms of
desk-to-window distance. Additionally, energy-savvy people tended to
open the window more often compared to unsavvy people.

Participants were asked about their preferred window position, con-
sidering three options: fully or partially open (i.e., shock ventilation)
and tilted position (i.e., trickle ventilation). In Building A, about 50%
of the respondents preferred to fully open the window, compared to
67.2% in Building B. Additionally, 86% reported opening the window
fully for O to 10 mins. However, when the window was partially open
or tilted, participants tended to keep it open longer, typically between
5 to 15 mins, as illustrated in Fig. 12(a). This is align with the findings
from the monitored datasets in Building A during the study period. For
shock ventilation, window opening duration ranged from O to 26 mins
with an average of 4.1 mins, while trickle ventilation ranged from 0 to
24 mins with an average of 5.8 mins. In Building B offices, the daily
window opening duration for shock ventilation ranged from 0 to 19.7
mins with an average of 2.5 mins, while less duration was observed for
trickle ventilation — ranged from O to 3.16 mins with an average of
0.15 mins.

In Fig. 12(b), 94.2% of the respondents—who preferred the fully
open position—tended to open the window one or more per day, while
adjustments to partially or tilted positions were less frequent. The
primary reasons for opening windows were related to specific times
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of the day, particularly in the morning when they arrive (33%), or
to obtain fresh air (48.3%). Fewer respondents (12%) cited thermal
discomfort such as feeling too warm, as a reason for opening win-
dows. These findings are in line with previous studies [46-49], which
highlighted that factors affecting window opening can be not only
thermal conditions but also other factors such as cultural factors or
daily routine.

Overall, it is suggested that the availability of adaptive controls—
such as JuControl and TRVs—may lead to higher satisfaction among
users by reducing the need for frequent manual adjustments. This
outcome may be attributed to the well-designed user-interface (i.e., Ju-
Control), which improves the transparency of heating controller and
provides users with essential information (e.g., indoor temperature) to
effectively use the system. This is in line with Brackley et al. [21],
by adding new interface features that help users better understand
the mechanism of the system, and Liu et al. [35] by developing a
novel interface to consider real-time energy use information to support
setpoint decisions. Moreover, the effectiveness of the heating controller
was influenced by contextual and physical factors—including build-
ing construction, office orientation, occupancy levels, and desk type
(e.g., fixed or shared). It is challenging to draw concrete conclusions
since the sample size was small and the data was divided into smaller
comparison groups. Further research across various building types is
needed to enhance generalizability.

10

On the other hand, the study observed that occupants frequently
opened windows, with higher occurrences in Building B, particularly
in south-facing and open-plan offices. The primary reason for window
opening was to get fresh air or a habit rather than to adjust thermal
conditions. Preferences were more common for short duration of full
window openings, while partially window positions were preferred for
extended periods.

4.2.3. Thermal comfort assessment
Thermal sensation votes, thermal preferences, acceptance and satis-
faction are evaluated and presented in this section as follows:

Thermal sensation and preferences

Participants were asked about their thermal sensation using ASHRAE
7-point scale (+3: hot, +2: warm, +1: slightly warm, 0: neutral, —1:
slightly cool, —2: cool, —3: cold) [12]. About 78.3% of respondents felt
within comfort range (-1 to +1) in Building A and 72.1% in Building
B. On the contrary, few people felt cold with only 8.7% in Building A
and 5.9% in Building B as shown in Fig. 13(a). Fig. 13(b) illustrates the
distribution of the thermal preferences votes for each building. It shows
that more than half of respondents in Building A and B (56.5% and
66.2%, respectively) preferred that the thermal environment of their
workplace remain the same — with no change. In Building A, 21.7%
preferred a bit warmer conditions compared to Building B (5.9%).
This preference can be attributed to the lower indoor temperatures
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measured in the offices of Building A compared to Building B during
the study period, as shown in Fig. 7.

Fig. 14 illustrates the boxplot distribution of thermal sensation votes
as a function of indoor temperature per office orientation in Building A
and B. The results indicate that people of NE facing offices in Building B
and NW facing offices in Building A reported feeling slight cooler than
those in other orientations. This aligns with the measured data findings,
which showed the lowest mean of daily average indoor temperatures
in similar offices orientations. Despite of similar indoor temperature
observed in NW& SE facing offices in Building A, the participants
reported higher thermal sensation votes (neutral) in SE compared to
NW facing offices (cool). This can be explained that the measured
temperature is not the operative temperature, which exclude the im-
pact of direct sunlight or nearby heat sources. Additionally, the TRVs
was providing the temperature setpoint to the heating controller as a
reference during the study period, which is higher than the measured
indoor temperature of the office.

Thermal satisfaction and acceptance

People were asked about their thermal satisfaction with the indoor
temperature based on a 5-point scale (1: very unsatisfied, 5: very satis-
fied). Approximately half of the respondents in Building A (47.8%) and
Building B (52.9%) reported their satisfaction with the current indoor
temperature in their work environment. While few people reported
their dissatisfaction with 17.4% in Building A and 19.1% in Building
B. Non-significant difference was found between the two buildings in
terms of thermal satisfaction using Mann-Whitney U statistical test
(p-value = 0.94), see Appendix A.2 for normality test. Fig. 15 shows
that people who were less satisfied with the room temperature, tended
to adjust the thermostat more often. Based on Independent-samples
Kruskal-Wallis test, active users (high group) were significantly less
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satisfied with the current indoor temperature compared to low group
(p-value = 0.04).

People were also asked about their thermal acceptance of the cur-
rent indoor conditions, including indoor temperature, air movement,
and the overall thermal conditions, on a 3-point Likert scale (1: unac-
ceptable, 2: neutral, 3: acceptable). More than half of the respondents
rated the indoor temperature in their workspaces as acceptable, with
52.2% in Building A and 52.9% in Building B. As opposed to 17.4%
in Building A and 16.2% in Building B who evaluated their offices as
unacceptable. The air movement was rated as neutral to acceptable by
87% of respondents in Building A and 89% in Building B. In Building A,
about 17.4% rated the overall thermal conditions as unacceptable and
10.3% in Building B. The former result can be assigned to the higher
indoor temperature in the offices of Building B compared to Building
A during the study period.

Thermal discomfort frequencies and actions

Participants were asked about their experiences with thermal dis-
comfort, using a scale where 0 represents never and 5 represents
continuously. Fig. 16 (a, b) illustrates the frequencies of feeling uncom-
fortably cold for each building and office orientation. In Building A,
43.5% of respondents reported feeling uncomfortably cold rarely or
once per month in their offices, compared to 48.5% in Building B.
The majority of occupants in SE and NW facing offices in Building
A reported feeling uncomfortably cold more often than those in other
offices. This finding can be attributed that the mean of indoor temper-
ature daily averages in those offices was below the default temperature
setpoint (19 °C). Similarly, in Building B, occupants in SW facing offices
reported feeling cold more often compared to those in NE facing offices.
The difference is likely due to the shading from the surrounding forest
on the south of Building B.

Fig. 16 (c, d) shows that the majority of respondents reported
feeling uncomfortably warm once per month or less often in Building
A (69.5%) and Building B and (85%). In Building A, fewer people felt
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uncomfortably warm in NW and SW facing offices compared to other
offices. In Building B, only 11.5% of respondents in NE facing offices
and 20.8% in SW facing offices reported feeling uncomfortably warm
weekly or more often. Statistical differences between building A and
B were calculated in terms of cold and warm discomfort using Mann—
Whitney U test, but the differences were found to be not statistically
significant (p-value = 0.80, 0.06), see Appendix A.2 for normality test.
Moreover, 78% of respondents in Building B reported that they never
or rarely faced unpleasant thermal conditions that interfere with their
ability to focus on their work more than 30 min, and 69.5% in Building
A agreed on that.

Thermal discomfort usually lead to several responses rather than
just one. In this study, participants were asked to identify their prin-
cipal actions when feeling uncomfortably cold and hot. During winter,
when indoor temperatures fall below the desired setpoints, 22.7% of
respondents reported putting on more clothing as their principal action.
Approximately 19% increased the thermostat setpoints or closed the
windows. These results are in line with the findings of Karjalainen [16]
study, that the principle action when people feel cold is to put more
clothes. Other actions include closing the door (15.9%), walking around
(3.1%), having a hot drink (13.1%), or using a personal heater such
as a blanket (5.6%) were less common. The sequences of the above
mention actions frequency is similar across both buildings. On the
contrary, when temperatures exceeded the desired setpoints, occupants
tended to do the opposite. For example, 29.1% of respondents reported
decreasing the thermostat setpoints or opening the window (26.9%),
while 21% chose to take off some clothing.

Overall, the majority of the respondents (74%) reported feeling
within the thermal comfort range, and more than half preferred to
maintain current thermal conditions. The analysis indicated that indoor
thermal comfort was efficiently maintained by the automatic heating
controller. However, thermal discomfort was still present in certain
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orientation and building zones in extreme cold weather, often leading
to behavioural adaptations, such as clothing adjustments and TRVs
interventions.

4.2.4. User satisfaction and perceived control

Given the heating controller were provided in each office of both
buildings, users would expect that the heating system is always working
to meet their thermostat setpoints wishes. Accordingly, participants
rated their satisfaction with the thermostat’s ability to control the
temperature setpoint according to their comfort preferences on a 5-
point Likert scale (1: very dissatisfied to 5: very satisfied). In Building B,
69% of respondents reported being neutral to satisfied with the heating
controller’s performance, compared to 52.2% in Building A. However,
one third (35.2%) of all participants expressed their dissatisfaction with
the performance. The former finding may be attributed to the slow
thermal response of the heating controller. Previous studies indicated
that ineffective or slow control response may affect their satisfaction
even if they have personal control, or may cause low perceived control
in their offices [22,50]. Therefore, occupants were asked about their
satisfaction with the change speed of temperature after adjusting the
thermostat settings. About 23.5% of respondents in Building B reported
their dissatisfaction, while about 35% of respondents in Building A
felt the same way. in [34] study, they suggested that the users should
receive feedback as the rate of temperature change is slow. First, the
user should receive a notification after the adjustments that the system
is working to fulfil the request. Later, the user should receive a feedback
when the desired temperature is achieved. Similarly, Brackley et al.
[21] added time-to-temperature feature to assure for users that the
system will reach their setpoint and clarify the response time. Despite
the small sample size in their study, all the participants rated this
feature as valuable.
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Interestingly, this study found that 84% of the respondents located
in the 2nd floor reported their satisfaction with the heating controller
more than people in 1st (71.4%) and ground floor levels (26.1%).
Based on authors’ knowledge, occupants on the 2nd floor were in-
formed about the heating controller’s automation and familiar with
its mechanism more than other offices. This finding aligns with Day
and Gunderson [33] studies, they found that occupants who received
training on using building controls were significantly more likely to be
satisfied with their workplace environment more than others.

Participants were asked about their perceived control of having
the ability to adjust the thermostat using both JuControl and TRVs.
In Building A, 65% of respondents reported their satisfaction with
their ability to control the thermostat using the TRVs, with a higher
percentage in Building B (75%). Additionally, the results showed that
69.5% of respondents in Building A reported having clear access to the
TRVs, while a higher percentage in Building B (86.8%). Majority of the
respondents were satisfied with their ability to adjust the thermostat
using JuControl, with 68% in Building A and 80% in Building B. This
finding can be explained due to easy-to-access control compared to
TRVs access, as indicated in [51,52].

Participants were also asked about the overall temperature control
in their offices. People in Building B were more satisfied (76%) com-
pared to Building A (69%). Interestingly, the mean of satisfaction votes
of participants was higher in Building B compared to Building A, as
shown in Fig. 17. The Mann-Whitney U test revealed non-significant
differences in satisfaction levels between the buildings, except for the
satisfaction with the speed of temperature adjustment, which was sig-
nificantly higher in Building B compared to Building A (p-value = 0.04),
see Appendix A.2 for normality test. Overall, the findings suggest that
providing users information and clear feedback of the heating system’s
response time, along with improving ease-of-access, user training and
familiarity of the controller automation, can significantly enhance oc-
cupant perceived control and satisfaction with controller performance
as well as thermal environment in office buildings.

4.2.5. User engagement and energy-savvy measures

Approximately 82% of respondents in Building A and B reported
that they are neutral to savvy in terms of energy awareness and
they consider energy-savvy measures in their offices. Additionally,
participants were asked about the specific energy-savvy measures they
usually implement. The most common measures included shock ven-
tilation (25.9%), keeping radiators uncovered (25.5%), and adjusting
the thermostat when needed (25.2%). Other measures such as closing
the door and dressing warmly were less common. Interestingly, the
energy-savvy users in Building A were more likely to dress warmly
or use cross ventilation by opening windows, as illustrated in Fig. 18.
However, the majority of energy-savvy people in Building B tended
to adjust the thermostat if needed or close the door. These findings
highlight the importance of engaging users in energy-efficient practices
and increasing their awareness of the impact of their involvement in
achieving energy efficiency goals.
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Table 4
Odds ratios from ordinal logistic regression for perceived control and thermal satisfac-
tion.

Satisfaction with Thermal
temperature Control (OR) Satisfaction (OR)

0.69 0.72
1.48 1.25

Explanatory variables

Thermostat combined adjustment
Window adjustment

4.2.6. Combined impact on thermal comfort and perceived control: Regres-
sion results

To quantify the effects of thermostat controller use and window
operation on key comfort-related outcomes, we conducted ordinal lo-
gistic regression analyses. The response variables included thermal
satisfaction—as indicator for thermal comfort—and satisfaction with
temperature control—as indicator of perceived control. Both were mea-
sured on a 5-point Likert scale (1 = very unsatisfied, 5 = very satisfied).
Odds Ratios (ORs) were used to interpret effect sizes and estimate
the strength of association between predictor and outcome variables.
User interactions with the thermostat—via both JuControl and TRVs—
were aggregated into a single predictor representing overall thermostat
interventions. Window adjustment frequency was included as a second
explanatory variable. Both predictors are coded as ordinal variable
ranging from 1 (Never) to 5 (More than once per day).

As shown in Table 4, window adjustment frequency exhibited the
strongest positive association with perceived control (OR = 1.48) and
a smaller but still positive association with thermal satisfaction (OR
= 1.25). These findings suggest that manual control over the indoor
environment—through window operation—can improve user comfort
and sense of control. In contrast, increased frequency of thermostat
adjustments (via TRVs or JuControl) was associated with lower odds
of reporting high satisfaction with temperature control (OR = 0.69)
and lower thermal satisfaction (OR = 0.72). This suggests that frequent
thermostat intervention may reflect or contribute to a sense of thermal
discomfort or dissatisfaction. Overall, these insights highlight the im-
portance of intuitive and responsive control systems in enhancing user
comfort and satisfaction. Therefore, it is recommended that building
system should support hybrid control—combining automation with
manual control—to accommodate diverse user preferences and reduce
the effort required to maintain comfort.

5. Conclusions and recommendations

This paper presents a questionnaire-based analysis evaluating the
performance of a cloud-based heating controller and window oper-
ation in terms of user comfort and perceived control of the indoor
environment. The questionnaire was conducted in two office buildings
comprising 77 offices, located in different floors and orientations. The
questionnaire was distributed at the end of the heating season in March
2024. From January to March, the indoor environmental, occupant and
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door closed (N =17)

adjust thermostat if needed (N=20)

radiators uncovered (N=17)

shock ventilation (N =15)
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door closed (N =43)

adjust thermostat if needed (N=47)

radiators uncovered (N=51)

shock ventilation (N =54)

T T

0.0 0.5 1.0
(b) Building B

Fig. 18. Relative frequency of energy-savvy measures in (a) Building A and (b) Building B.

energy-related data were collected. A total of 91 respondents completed
the questionnaire. The main conclusions are summarized as follows:

+ Building A and B exhibited distinct heating consumption profiles,
which can be attributed to differences in heating system supply,
building construction age, occupancy levels, and user preferences.
Moreover, variations in temperature setpoints and indoor climate
conditions were observed across different office orientations.
Increased adaptive opportunities, such as web-based user inter-
face (i.e., JuControl) and TRVs, were associated with reduced
thermostat interventions, particularly when users became more
familiar with automation system. This finding supports the idea
that providing more control options can enhance user satisfaction.
Additionally, the frequency of thermostat adjustments was signif-
icantly influenced by contextual factors such as offices type and
orientation. A key novel finding of this study is the influence of
shared desk configurations by reducing thermostat adjustments
frequency. On the other hand, occupants in south-facing offices
and open-plan environments exhibited a higher tendency to open
windows frequently. Preferences for fully opening windows were
common for short durations, while longer openings were more
likely with partially or tilted positions—primarily for fresh air
rather than thermal comfort.

The majority of respondents (74%) reported feeling within the
comfort range, and 64% preferred to maintain current indoor
thermal conditions, suggesting that the heating controller was
generally effective to maintain the indoor thermal comfort. Vari-
ations in thermal sensation were significantly influenced by of-
fice orientation and occupancy level. Additionally, 92% of the
respondents indicated that they never or rarely experienced a
continuously unpleasant thermal conditions for more than 30
mins.

About 65% of respondents reported their satisfaction with the
heating controller’s efficiency. However, a notable portion (26%)
reported dissatisfaction, which may be attributed to the speed of
temperature change, suggesting that slow thermal response may
be a key factor contributing to overall dissatisfaction with the
system.

Energy-savvy measures are common practice among occupants
in both buildings—with 82% of respondents consider themselves
as either neutral or energy-savvy. Common behaviours included
shock ventilation, keeping radiators uncovered, and adjusting
thermostats, while passive measures such as dressing warmly
were less common. This emphasize that user engagement and
awareness are crucial for enhancing energy efficiency.
Regression results showed positive association between frequent
window operation and perceived control, while frequent thermo-
stat interventions are associated with lower satisfaction.
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The main findings of this study highlight the importance of occupant-
centric room automation and user engagement in optimizing comfort
and energy efficiency in office buildings. To improve the control
of the heating system and window operation, the following design
recommendations are suggested:

Utilize adaptive and easy-to-use web-based interfaces (i.e., Ju-
Control) for personal control while maintaining energy-efficient
setpoints.

Consider contextual factors in temperature control such as adjust-
ing heating settings based on office orientation, and differentiate
temperature control for fixed vs. shared desks.

Implement zone-based heating optimization by considering con-
textual factors such as office orientation and desk type (fixed
vs. shared), using localized sensors to enable precise, location-
specific temperature adjustments in areas with higher thermal
discomfort (e.g., NE facing offices).

Encourage smart window operation for ventilation such as notify-
ing occupant on when to open the window (i.e., CO2 threshold)
or alert users if windows are left open too long.

Increase communication and feedback: providing users with real-
time feedback about the heating status and estimated time to
reach the desired comfort, that could help manage user expec-
tations and improve their satisfactions.

Improve training and user awareness by educating occupants
about the heating automation, and the best practices for opti-
mizing their comfort (e.g., TRVs use and ventilation impact).
Moreover, integrate gamifications features into web interfaces to
encourage energy-efficient behaviours via feedback and rewards.
Implement hybrid control systems—combining automation and
manual control—may enhance occupant comfort and perceived
control in office environments.

6. Limitations of the study

This study has two main limitations:

» Sample size and Generalizability: The study received 91 full
responses from a total of 160 occupants in two office buildings,
resulting in a relatively small sample size for broader generaliza-
tion. Moreover, demographic factors such as age, gender and job
position were not considered in the analysis, which may affect the
results. While office orientation was accounted in this study, other
building-related factors—such as building age and envelop—may
differ from other workspaces. To improve generalizability, future
studies should be conducted in a wider range of buildings with
different characteristics and more diverse occupants.
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- Data collection and Timing: The questionnaire data was cross-
sectional, reported at once time about a continuous activity, not
in parallel with the monitored data. Additionally, the question-
naire was distributed during the first week of March—a period
that may be warmer than January and February. This seasonal
variation could affect user interaction with windows more than
thermostat adjustments, as the indoor temperature in the offices
were controlled during the study period.
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Appendix

A.1. Questionnaire

The questionnaire includes six main sections summarized as follows:
Section 1: Demographic information

1. What is your Gender? (Female, male, other)
2. What is your age range? (18-29, 30-39, 40-49, 50-59, Over 60)

Section 2: Work activity and workplace context

How long have you stayed at your current workplace? (Less than
6 months, 6 to 12 months, 1 to 2 years, More than 2 years)
What type of work desk do you have? (Fixed desk, Desk sharing
with 2-3 people, Desk sharing with more than 3 people)

How many days per week do you work from office? (Everyday,
3-4 days a week, 2 days or less)

During a typical workday, when are you usually at your work-
place? (Multiple options)

In which buildings are you located as illustrated in the figure
below? (Building A, Building B)

In which direction does the nearest window to your work desk
face based on the above figure? (NE, SE, NW, SW)

1 Juracle is an engine that evaluates the thermal energy-related aspects of
occupant behaviour based on two criteria: window interaction (ventilation)
and room heating (temperature setpoint).
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On which floor are you located? (Ground floor, 1st floor, 2nd
floor)

What type of office do you have? (Private single office, Shared
office, Open-plan office)

How far is your workdesk from the nearest window? (Up to
1 metre, Up to 2 m, 3 metres and more)

How far is your workdesk from the nearest thermostat radiator
valve (TRV)? same as above

Do have a clear access (i.e., not covered with furniture) to the
thermostat radiator valve (TRV)? (Yes, No)

Section 3: Thermostat and window user interaction

Do you have access to JuControl dashboard? (Yes, No)

If yes, how often did you adjust your thermostat setpoints using
JuControl dashboard during the last week? (multiple options)
How often did you adjust your thermostat radiator valve (TRV)
physically during the last week? (multiple options) for with and
without access to JuControl.

How often did you open the window at your workplace during the
last week? (multiple options)

At which position do you usually open the window in wintertime?
(Fully open, Partially open, tilted position)

For how long do you usually open the window in wintertime?
When do you usually open the window in wintertime? (Multiple
options)

Section 4: Thermal comfort at the workplace

How do you feel about the room temperature? [ASHRAE 7-point
scale]

How do you prefer the air temperature at the moment in your
workspace? [1- much cooler, 5- much warmer]

How satisfied are you with the current temperature at your
workplace? (1: very unsatisfied, 5: very satisfied)

Please select how acceptable for you the current conditions (air
temperature, air movement, overall thermal conditions) at your
workplace? (Unacceptable, neutral, acceptable)

How often do you feel uncomfortably cold at your workplace
during the wintertime? (multiple options)

How often do you feel uncomfortably warm at your workplace
during the wintertime? (multiple options)

In wintertime, when you experience higher temperature than
the desired temperature, what actions do you take to reduce
discomfort? (multiple options)

In wintertime, when you experience lower temperature than the
desired temperature, what actions do you take to reduce discom-
fort?

During your stay in the office last week, were there any occa-
sions where the thermal conditions was continuously unpleasant
and/or interfering with your ability to focus on your work for
more than 30 min? (multiple options)

Section 5: Perceived control and satisfaction

How satisfied are you with the thermostat at controlling the
temperature setpoint to your comfort preferences? (1: very dis-
satisfied, 5: very satisfied)

How satisfied are you with the speed that the temperature of your
workplace changes after you change the thermostat settings? (1:
very dissatisfied, 5: very satisfied)

How satisfied are you with having the ability to adjust the temper-
ature setpoint via the thermostat radiator valve (TRV)? (1: very
unsatisfied, 5: very satisfied).

How satisfied are you with having the ability to control the
thermostat setpoint via JuControl dashboard? (1: very unsatisfied,
5: very satisfied).
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Table 5
Shapiro-Wilk normality test results summary.
W-Statistics P-value

Thermal satisfaction 0.89 0.00*
Uncomfortably cold 0.87 0.00*
Uncomfortably warm 0.76 0.00*
HC satisfaction 0.89 0.00*
HC speed satisfaction 0.88 0.00*
TRV control satisfaction 0.90 0.00*
JuControl access satisfaction 0.89 0.00*
Overall temperature control 0.91 0.00*

* p £0.05: Data is not normal.

+ In general, how satisfied are you with the temperature control at

your workplace? (1: very unsatisfied, 5 : very satisfied)

Section 6: Energy-savvy measures

» How energy-savvy would you consider yourself? (1: very unsavvy,

5: very savvy)

» Which of the following energy-saving measures do you usually

consider in terms of correct heating and ventilation? (Multiple
options)

A.2. Shapiro-Wilk normality test

Table 5 summarize Shapiro-Wilk normality test results summary of
the tested variables.

Data availability

The data that has been used is confidential.
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