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A B S T R A C T

Thermal comfort plays an essential role in the well-being and productivity of occupants. Typically, thermal
comfort is assessed either through surveys completed by building occupants or through sensor data that is
analyzed using thermal comfort models. Automating comfort surveys and data collection processes reduce the
risk of information loss, providing more accurate and personalized thermal comfort assessments over longer
periods of time. To this end, this paper presents the design and implementation of a thermal comfort monitoring
system consisting of low-cost hardware components and using IoT technologies. The system consists of intelligent
wireless sensor nodes that collect and process environmental data, a portable main station that integrates and
stores data, and a digital survey that provides feedback from building occupants. To ensure accuracy, the low-
cost hardware components of the intelligent sensor nodes are calibrated in a climate chamber, using high-
precision sensors for reference. After calibration, the system is deployed in a field test where several intelli-
gent sensor nodes collect environmental data in an office, while occupants complete the digital thermal comfort
survey. In addition, thermal comfort indexes are computed by the intelligent sensor nodes and compared with the
feedback of each building occupant. The results indicate that the low-cost thermal comfort monitoring system
successfully collects and integrates thermal comfort data from the intelligent sensor nodes and the digital survey,
being able to create personalized thermal comfort profiles. In future work, the system can be used in large-scale
thermal comfort surveys, to develop personalized thermal comfort models and to control personalized comfort
systems.

1. Introduction

As a consequence of the COVID-19 pandemic, people are relying on
higher air changes, e.g., by periodic natural ventilation opening win-
dows [1]. On the one hand, the intensified ventilation increases pro-
tection against infection, but on the other hand, it also means higher
energy consumption due to building operations [2], with the risk of
thermal discomfort due to draft or low indoor temperatures [3]. Thus, in
recent years, there have been significant constraints regarding thermal
comfort despite of its substantial influence on health and productivity of
occupants.

Thermal discomfort, the opposite of thermal comfort, experienced
over extended periods of time may lead to the appearance of adverse
health symptoms [4] or health disorders, such as sick building syndrome
or building-related illness [5]. Moreover, extreme events, such as heat
waves or sub-zero temperatures, are the causes of a large number of
annual deaths, particularly elderly, children, and people suffering from
energy poverty [6]. In addition to health, productivity related to office

tasks, such as typing or logical thinking, can also be affected by thermal
discomfort [7].

Traditionally, thermal comfort has been investigated from a physi-
ological perspective, aiming to develop comfort indexes using heat-
balance models and laboratory environments [8]. One of these
heat-balance models is the predicted mean vote (PMV) index measuring
thermal comfort in buildings. The PMV assesses thermal comfort by
forecasting thermal comfort of occupants feeling based on six key fac-
tors, environmental conditions, encompassing (1) indoor air tempera-
ture (ta), (2) relative humidity (RH), (3) air velocity (va); and (4) mean
radiant temperature (MRT), and personal factors, including the (5)
metabolic rate (met) and the (6) clothing insulation (Icl) of the clothing
ensembles worn by the occupants. The PMV index was developed by
Fanger [9] in the 1970s and has since become a widely accepted stan-
dard for predicting thermal comfort. The predicted percentage of
dissatisfied (PPD), determined from the PMV index, gives an estimation
of the percentage of people that feel uncomfortable under certain ther-
mal conditions. However, the PMV and the PPD indexes calculate the
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average feeling of comfort of a group of people, but does not consider
every individual separately. Thus, research in the field of thermal
comfort has shifted towards personalized thermal comfort, which can
only be achieved by granting building occupants control over their in-
dividual thermal environments [10].

A widely used approach to obtain personalized thermal comfort is
implementing monitoring systems that assess thermal comfort at the
macroenvironment near the users [11]. Monitoring systems based on
Internet of Things (IoT) technologies have become cost-efficient and
reliable [12], particularly in smart home and smart building applica-
tions [13]. Due to the growing availability and quality of sensors and
microcontrollers, low-cost sensor nodes have been used to continuously
measure environmental parameters [14]. In [15], the overall cost of an
IoT device for environmental monitoring has been reduced using
open-source software. A sensor node combining thermal comfort,
acoustic comfort, air quality, and visual comfort has been developed in
[16], and in [17], the performance of several hardware components for
indoor environmental quality has been investigated in a comparative
study. Finally, personalized thermal comfort monitoring systems, such
as the climateBOX, have been developed using low-cost, IoT-based
hardware components, emphasizing the important role of sensor cali-
bration to ensure accurate and reliable thermal comfort analysis over
time [18].

Assessing thermal comfort only through environmental parameters is
challenging due to the large number of physiological and psychological
processes affecting the comfort. Therefore, thermal comfort surveys
have been used as an alternative to monitoring systems; personal as-
sessments of thermal comfort have been carried out using thermal
comfort surveys by obtaining direct feedback from building occupants
[19]. Thermal comfort surveys can be conducted manually, but with the
rapid advances in digitalization, tools have been made available to
incorporate building occupant feedback into thermal comfort assess-
ments in a continuous manner [20]. For example, mobile applications
and digital surveys have been implemented to collect feedback on
thermal sensations and preferences of building occupants [21].
Smartphone-based applications have been developed, adding visuali-
zation tools and real-time interaction between building occupants and
the thermal environment [22]. In addition, digital surveys have also
been commercialized to assess thermal comfort in the built environment
[23].

However, assessing thermal comfort by using either monitoring
systems (i.e., environmental data) or thermal comfort surveys (i.e.,
building occupant feedback) presents certain limitations. On the one
hand, only collecting environmental data is not sufficient to assess
thermal comfort accurately for every building occupant in an indoor
space. On the other hand, assessing thermal comfort only through sur-
veys is time-consuming and involves a regular and reliable participation
of building occupants. Therefore, a promising solution to address the
aforementioned limitations is to combine both approaches, i.e. envi-
ronmental data monitoring and building occupant feedback, using new
technologies to improve data collection processes. Several studies have
incorporated wearable sensors, such as sport watches and smartphones,
to obtain personalized thermal comfort data from users and the sur-
rounding environment [24], measuring heart frequencies and activity
levels [25]. With the use of wearables, building occupants act as “human
sensors” of the built environment, collecting data over long periods of
time [26]. To obtain long-term feedback from building occupants, other
studies have introduced physical devices as occupant voting systems
[27], studying the thermal sensation in relation to some environmental
and personal parameters [28]. Moreover, some approaches have
addressed the spatial distribution of multiple devices to create thermal
comfort monitoring systems [29] and have been compared to other
monitoring systems in different indoor environments [30].

Further research has focused on personalized thermal comfort as a
way of reducing energy consumption in buildings caused by centralized
heating, ventilation, and air conditioning (HVAC) systems, over which

building occupants have no control [31]. In the study, the energy con-
sumption and the effect on thermal comfort of four heating devices
installed around a desk have been tested. Occupants were free to control
(turn on or off) the levels of each heating device. To gain control of the
thermal environment, several hardware solutions have been developed
to personalize comfort by acting on the thermal environment near in-
dividual building occupants while improving energy efficiency in
buildings, focusing on rule-based and model-predictive control systems
[32]. The study has pointed out the low level of preparation of HVAC
systems to be controlled. In [33], an office chair with heating and
cooling capabilities has been used as an example of a personalized
comfort system (PCS). The paper evaluates the PCS comparing a build-
ing controller with adaptive temperature setpoints between 18 and 26
◦C to a basic controller with a fixed and narrow setpoint range between
21 and 24 ◦C. As an alternative of centralized ventilation, the efficacy of
different personalized ventilation systems has also been investigated
[34,35], in which occupants can manually turn on and off different
personalized ventilation systems installed on a desk to reduce air pol-
lutants. As an alternative of a centralized heating and cooling, a heating
and cooling wall has been tested under laboratory conditions using a
climate chamber and a thermal manikin to study its effect on the
different parts of the human body [36]. The heating and cooling wall is
divided into three horizontal thermal zones, which can be independently
controlled by the user through a mobile app. In the majority of the
previously mentioned studies on personalized thermal comfort systems,
the control over the environment with HVAC systems or personalized
systems has been conducted manually by building occupants. However,
autonomous control of HVAC systems is emerging as a research field,
using methods and algorithms such as PID controllers, fuzzy logic,
particle swarm optimization, and multi-agent systems [37], as well as
reinforcement learning [38].Thus, personalized comfort systems are a
promising alternative to HVAC systems to reduce energy consumption in
buildings without sacrificing occupant thermal comfort. However,
further investigation on methods to personalize comfort while reducing
energy consumption in buildings is required, as well as monitoring
systems dedicated to the further autonomous control of personalized
comfort systems using control strategies based on thermal comfort
preferences of building occupants.

In summary, a fully digitalized and automated workflow that in-
tegrates both environmental data and building occupant feedback is
necessary to reduce data loss, time and effort, as well as cost of thermal
comfort assessments. Furthermore, by automating data collection, the
quality of the data improves and can be integrated in control systems or
personalized comfort systems, to maximize comfort while minimizing
the energy consumption of buildings. Current approaches, however,
have only been tested under controlled conditions and do not consider
real-time environmental data nor the direct thermal comfort feedback of
building occupants, which limits the effective application in real-world
environments. In addition, commercial tools for evaluating thermal
comfort and obtaining feedback from building occupants are expensive,
methods and tools are not publicly available or open source, and surveys
are not integrated with monitoring systems. The high cost and low
integration level of feedback and monitoring systems reduces the pos-
sibility of obtaining redundant thermal comfort data in more localized
areas, i.e. adjacent to the building occupants, increasing the uncertainty
of personalized thermal comfort assessments.

To overcome the limitations of assessing personalized thermal
comfort solely with monitoring systems or solely with surveys assessing
thermal comfort, this paper presents a low-cost comfort monitoring
system that couples environmental data collected by mobile intelligent
wireless sensor nodes with a digital thermal comfort survey providing
feedback from building occupants. Both sources of data are autono-
mously integrated to form a personalized profile for each building
occupant, in which the thermal preferences are stored along with the
indoor environmental conditions. The system presented in this study is
built using low-cost hardware components that provide state-of-the-art
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IoT features (i.e. wireless capabilities and embedded computational
power) and uses open-source software to build and adapt applications
for thermal comfort assessments as needed for individual use cases. The
thermal comfort monitoring system, consisting of

a. intelligent wireless sensor nodes,
b. a portable main station, and
c. a digital thermal comfort survey,

is designed to maximize the collection of environmental data and
occupant feedback. The intelligent wireless sensor nodes form the so-
called thermal comfort stations, which establish a distributed moni-
toring system based on low-cost hardware components with IoT capa-
bilities. The low-cost hardware components, mainly sensors and
microcontrollers, enable the thermal comfort station to compete in price
(~50 EUR) with the low-cost sensor nodes with IoT capabilities devel-
oped in previously mentioned studies. Each thermal comfort station (CS)
is assigned to a building occupant, obtaining redundant thermal comfort
data in more localized areas adjacent to the building occupants. In
addition, each building occupant has access to the digital thermal
comfort survey through a web application, created by a web server
hosted in the portable main station. The feedback provided by building
occupants through the survey is used to continuously assess personal-
ized thermal comfort over time, and the data is stored in standard for-
mats to ease the import in other software applications for further
analyses. By merging and synchronizing environmental data and occu-
pant feedback, and making the information available in standard for-
mats, future surveys will be enabled to statistically analyze the data to
study different aspects of thermal comfort, such as the relationship be-
tween the determining parameters (environmental and personal) and
the subjective measures (such as productivity, thermal preference, and
actual thermal sensation), and the interaction of building occupants
with the built environment (i.e. with fans, windows, shades, and lights).
Ultimately, the thermal comfort monitoring system creates individual
profiles for each building occupant by forming a collection of thermal
comfort data over time.

The remainder of the paper is structured as follows. First, the
development of the low-cost thermal comfort monitoring system is
presented, i.e., the system architecture, the hardware and software
components of the thermal comfort stations, and the digital thermal
comfort survey. Then, calibration experiments performed in a climate
chamber are described to demonstrate the accuracy of the low-cost
sensors, which are an integral part of the system. The low-cost sensors
are calibrated by placing the thermal comfort stations in the climate
chamber alongside high-precision sensors that are used for reference,
and comparing data collected for different environmental conditions.
Next, the capability of the thermal comfort monitoring system to
personalize thermal comfort is validated through a field test in an office
environment and the results of the validation are presented and dis-
cussed, including advantages of the system, and limitations of the study,
as well as further recommendations. The paper concludes with a sum-
mary of the study, as well as with an outlook on potential future research
directions.

2. Design and implementation of the thermal comfort
monitoring system

This section presents the system architecture of the thermal comfort
monitoring system, which describes the components of the system and
the relations and communication among the components (Section 2.1).
Then, the hardware components (Section 2.2), the software embedded
into the intelligent wireless sensor nodes (Section 2.3), and the digital
thermal comfort survey (Section 2.4) are elucidated in detail. Finally,
the web application that displays real-time thermal comfort data in a
dashboard is shown (Section 2.5).

2.1. System architecture

The thermal comfort monitoring system presented in this paper is
based on a four-layer IoT architecture [39] and takes advantage of ab-
stract modeling of intelligent structural systems [40], embedded
computation [41], and smart sensor technologies [42]. The thermal
comfort monitoring system includes:

a. thermal comfort stations with its sensors and embedded software
applications

b. a portable main station hosting a web server, and
c. the digital thermal comfort survey tool

The thermal comfort stations consist of wireless sensor nodes built
with low-cost hardware components. The main reason for using low-cost
hardware are possible future applications in large thermal comfort
studies, where many stations will be needed. The software applications
embedded into the thermal comfort stations integrate algorithms
implemented for real-time sensing, embedded data processing, and IoT
connectivity. The portable main station consists of a Raspberry Pi (RPi)
hosting a web server, which handles the communication of the system,
integrates and structures the thermal comfort data, and creates the
digital thermal comfort survey and the dashboard where the thermal
comfort data is displayed. The digital thermal comfort survey is
designed to be completed by building occupants while performing reg-
ular office tasks with minimal disruption. The goal of the system is to
automate the collection of environmental data and complement the data
with the feedback of building occupants enabling personalized thermal
comfort assessments in real time.

The architecture of the low-cost thermal comfort monitoring system,
shown in Fig. 1, consists of four layers,

(i) an application layer,
(ii) a middleware layer,
(iii) a physical layer, and
(iv) a security layer,

which are depicted in Fig. 1. Building occupants interact with the
application layer through a dashboard accessible through a web appli-
cation. The dashboard provides real-time visualization of environmental
data and it contains the digital thermal comfort survey. The middleware
layer contains the portable main station, which hosts a web server based
on a RPi, chosen for this study because of the relative low price
compared to other portable computers. The main station manages the
backend services of the system, i.e. data communication, data man-
agement, and data visualization. The backend services are implemented
using the Node-RED development tool, a framework that provides vi-
sual, flow-based programming for developing the backend logic of sys-
tems [43]. Node-RED receives building occupant feedback through the
application layer and stores survey results and environmental data
collected by the physical layer. The physical layer of the automated
thermal comfort monitoring system consists of the thermal comfort
stations that collect indoor environmental data, i.e. ta, RH, va, and the
globe temperature. In addition, the wireless sensor nodes provide
computing capacities necessary to process the raw environmental data
using embedded algorithms. For example, MRT is computed from the
globe temperature, which is used with the other indoor environmental
data to compute the PMV and PPD thermal comfort indexes onboard the
sensor nodes. The data processed on board is sent to the main station
belonging to the middleware layer using an HTTP communication pro-
tocol for data storage and visualization. Finally, the security layer is
devised transversely to the other layers and provides authentication
services for privacy and security of all layers as follows. First, the ther-
mal comfort monitoring system is part of a local Wi-Fi network, acces-
sible only with distinct username and password to prevent unauthorized
access. Similarly, access to the middleware layer is secured by an
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additional password and username, to protect the backend logic and the
data. Finally, the web application of the application layer, as part of the
local network, is equally protected by the password of the local network,
and only individual building occupants with administrative rights are
given the URL that grants access to the dashboard and the digital survey.

2.2. Hardware components of the thermal comfort station

The thermal comfort stations include three low-cost sensors, (1) a
combined sensor that measures ta and RH, type SiliconLabs Si7021 [44],
(2) a va sensor, type Modern Device Rev. C [45], and (3) a temperature
sensor, type B+B Sensors TSic 206-TO92 [46], which is installed in a
black-painted table tennis ball, forming a globe thermometer used to
measure the globe temperature and to calculate the MRT. An ESP32
microcontroller, type Espressif WROOM-32 [47], handles processing of
the raw environmental data and periodically sends the data to the
middleware layer via Wi-Fi using an HTTP protocol. The sensors and the
microcontroller have been selected based on the following criteria: Low
price, low power consumption, size, and operability at 5 V. The response
times of the low-cost sensors also fulfill the requirements of thermal
comfort standards, which require measurements every 3 minutes. For
example, the air temperature sensor has a response time of 0.7 s when
unmounted and of 5.1 s when mounted on the boards. The relative
humidity sensor has a response time of 18 s, while the temperature
sensor used to estimate the globe temperature and the air velocity sensor
do not share specific numbers regarding response times, although the
manufacturer of the air velocity sensor recommends a warm-up period

of 10 s for obtaining accurate measurements. is Table 1 summarizes the
technical characteristics of the low-cost hardware components used in
this study, including the prices. The final price of each thermal comfort
station is less than EUR 50, while the price of the Raspberry Pi used for
the portable main station is EUR 52, for a total price of 100 € for a system
with one thermal comfort station and one portable main station of EUR
100. As shown in Fig. 2a and Fig. 2b, all components are wired to a
printed circuit board (PCB), to optimize the stability of the measure-
ments. The figures show the design of the PCB, illustrating the PCB as
manufactured. The abovementioned hardware components are placed
on the PCB, forming an electrically stable circuit. Stable electrical cir-
cuits are important in monitoring systems to avoid sensor faults and to
improve the reliability of the measurements taken by the thermal
comfort stations. To connect the sensors to the PCB, pitch connectors,
type JST PH connector [48], are soldered to the PCB. The sensors are
equipped with the appropriate pair connector, type JST EH [49], to
mount the sensors to the PCB. The pitch connectors allow jumper wires
with crimps to be connected to a strong (yet not soldered) bond between
the sensors and the PCB to ensure a good connection under vibrations
and mechanical forces, and when used with low voltages and low cur-
rents. Moreover, the low-cost sensors are easier to replace by crimping
rather than soldering to the PCB.

A 3D-printed enclosure protects the hardware components of the
thermal comfort stations. Fig. 3 shows the final aspect of the thermal
comfort stations developed in this study, after enclosing the hardware
components and the PCB in the 3D-printed case. The design of the case
includes bolts in the main body that allow the lid or top of the enclosure

Fig. 1. Four-layer IoT architecture of the low-cost thermal comfort monitoring system.

Table 1
Hardware components of the thermal comfort stations. Total price for a system with one thermal comfort station and one portable station at the time of purchase for
this project.

Parameter Manufacturer Model Range Accuracy Resolution Power
consumption

Dimensions Price

ta Silicon-Labs Si7021 − 40 ◦C to +125
◦C

±1 ◦C 0.01 ◦C 150 µA 17.8 mm × 15.3 mm ×

3 mm
10.00 €

RH 0–100 % ±3 % 0.01 %
va Modern

Device
Rev. C
(Hot-wire
anemometer)

0 m/s to
26.67 m/s

- < 0.0001 m/
s

20 µA to 40 µA 17.3 mm × 40.4 mm ×

6.4 mm
21.95 €

MRT B+B sensors TSic− 206
(Semiconductor-
based)

− 50 ◦C to 150 ◦C ±0.5 K 0.1 K 45 µA 3.8 mm × 4.6 mm ×

2.3 mm
7.13 €

Microcontroller Espressif WROOM− 32 - ​ - 50 mA 25.5 mm × 18 mm ×

3 mm
5.00 €

Portable main
station

Raspberry Pi 4B 2 GB - ​ - 1000 mA 90 mm × 60 mm ×

25 mm
52.00 €

Case Prusa PLA - - - - 33 m of filament 3.00 €
Other small hardware components - - - - - - < 1.00

€
Total price - - - ​ - - - ~100 €
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to be screwed into place. Similarly, the bottom of the main body includes
bolts to screw the PCB board to the case and fix all the components of the
thermal comfort station. The case comprises several openings to permit
the heat generated by the microcontroller to dissipate. In addition, the
size of the openings has been designed to mechanically adjust the pitch
of the connectors linking the sensors to the PCB and to secure the
hardware to the case without the need for glue or any other permanent
bonding method. The temperature and humidity sensor is placed as far
away as possible from themicrocontroller, since it can heat up and affect
the measurements. Similarly, the globe thermometer is placed as far as
possible to minimize the impact of radiant and convective heat loss of
the microcontroller. Additionally, the tube that holds the table tennis
ball is filled with glue to prevent convective airflow from entering the
globe from the inside. The air velocity sensor is also installed as freely as
possible with a distance from the station to avoid the impact of the
boundary layer of the station.

2.3. Software description

As described earlier, the thermal comfort monitoring system consists

of several thermal comfort stations and a portable RPi-based main sta-
tion. In this subsection, the software embedded into the thermal comfort
monitoring stations and the software embedded into the main station
will be described.

2.3.1. Software embedded into the thermal comfort stations
The microcontroller of the thermal comfort stations embeds the

software application designed to collect sensor data and to exchange
environmental and thermal comfort data with the main station. In
addition, the software application is designed to calculate the PMV and
PPD indexes onboard the microcontroller to predict the average thermal
comfort of building occupants in indoor environments. The algorithms
for calculating the PMV and PPD indexes are implemented following and
adapting the pseudocode available in the ASHRAE Standard 55–2020
[50]. As shown in Fig. 4, the parameters required to calculate the PMV
and PPD indexes are (1) the four environmental parameters measured by
the thermal comfort stations, i.e. the ta, the RH, the va, and theMRT, and
(2) the two personal parameters that quantify the insulation level of
clothing ensembles (Icl) and the metabolic rate, which is associated to
the intensity of the activities carried out by building occupants. The
personal parameters, entered by the building occupants via the thermal
comfort survey, are transmitted to the thermal comfort stations, in
which the PMV is calculated as elucidated in Eq. 1a. The PMV is indi-
cated in the 7-point scale from +3 to − 3. The PPD index is based on the
PMV and is displayed next to it as a function.

The PMV index is updated as soon as new values of either the per-
sonal or the environmental parameters, measured continuously by the
thermal comfort stations, are available. The output of the PMV index
corresponds to a value on a 7-point scale of the ASHRAE Standard
55–2020, where − 3 represents cold sensation, +3 represents warm
sensation, and an index of 0 expresses neutral thermal sensation. The
PPD index is derived from the PMV index, as shown in Eq. 1b.

PMV = (0.303e-2.1∗M + 0.028) ∗ [(M-W) - H - Ec − Cres − Eres] (1a)

PPD = 100 − 95e-(0.03353∗PMV4 + 0.2179∗PMV2) (1b)

In Eq. 1a, the terms, described below, denote the different energy

Fig. 2. PCB of the thermal comfort station.

Fig. 3. The thermal comfort station.
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and heat exchanges between the body and the surrounding environ-
ment. Pseudocode is available in the ISO 7730 standard [51] to calculate
the heat exchange parameters, and ultimately the PMV and PPD indexes.
The heat exchanges are derived from the measurements of the envi-
ronmental parameters and the personal parameters, which are denoted
as follows:

M – the metabolic rate, in Watt per square meter (W/m2);
W – the effective mechanical power, in Watt per square meter (W/

m2);
H – the sensitive heat losses (W/m2);
Ec – the heat exchange by evaporation on the skin (W/m2);
Cres – the heat exchange by convection in breathing (W/m2);
Eres – the evaporative heat exchange by breathing (W/m2).
The software applications embedded into the thermal comfort sta-

tions are implemented in C++ and with high-level Arduino functions,
which are compatible with the microcontroller of the thermal comfort
stations. The microcontroller comes with a flash memory of 8 MB, in
which most of the flash memory space is reserved for storing the boot-
loader and the embedded software application code. The code is auto-
matically executed when the thermal comfort stations are powered on
and is divided into two main functions, the setup function and the loop
function. The setup function is dedicated to establishing the wireless
connection to a Wi-Fi network and to a web server, as well as to
initializing the hardware components. The loop function is dedicated to
collecting data, aggregating data, analyzing data (i.e. calculating the
PMV and PPD indexes), and finally transmitting data and information to
the server. The loop function is executed over and over again as long as
the thermal comfort stations are supplied with power or the micro-
controllers are manually reset. The microcontrollers only hold 512 bytes
of flash memory for storing thermal comfort data, thus, the collected
data must be transmitted after a certain period of time. According to
thermal comfort standards [50,51], environmental parameters must be
measured at least every 3 minutes for accurate thermal comfort assess-
ments. To improve the accuracy of the assessments, the thermal comfort
stations measure the environmental parameters every 5 seconds and
send an averaged value every 3 minutes to lower the variability of the
measurements. Unlike other applications (e.g. known from
vibration-based monitoring), thermal comfort data collection does not
require a high-frequency sampling rate and, therefore, does not require
additional memory.

2.3.2. Web server hosted on the portable main station
Web servers are computer systems that can, e.g., deliver web content

to users, host databases, or run web applications. Typically, web servers
are hosted in large data centers or server rooms, which include expen-
sive hardware and software services. In this study, however, the web

server is hosted by the portable main station of the thermal comfort
monitoring system, consisting of the RPi. To enable wireless communi-
cation between the thermal comfort stations and the web server, the
software application embedded in the microcontroller of the thermal
comfort station includes the network location of the RPi that hosts the
web server (with IP address and the TCP port).

An HTTP endpoint is implemented using the Node-RED framework
to build the web server, as shown in Fig. 5. Node-RED is open source and
compatible with the Raspbian operating system of the RPi. By using the
Node-RED framework, programmers may implement web servers with a
visual programming interface, creating flows consisting of predefined
nodes. In Node-RED, flows are used to implement backend services, i.e.
data communication, data management, and data visualization. Flows
consist of interconnected nodes, which serve as basic building blocks
performing computational actions on the data. Nodes in Node-RED are
triggered by either receiving messages from the previous node in a flow,
or by waiting for some external event, such as an incoming HTTP
request. Nodes process the messages, or events, and then send a message
to the next nodes in the flow. A node can have one input and as many
outputs as the logic of the flow requires.

In the HTTP endpoint, the RPi-based web server receives the thermal
comfort data, i.e. the environmental data, the PMV index and the PPD
index, from the N thermal comfort stations CSn (n = 1…N). As shown in
Fig. 5, the node Get data from CS listens to HTTP requests, which enable
the data communication between each CSn and the web server. When
the request is accepted, a message containing the thermal comfort data is
received and forwarded to the Switch node. The switch node identifies
which thermal comfort station is sending the data by recognizing a
unique number that each CSn carries, which corresponds to the first
parameter in the message. In addition, the occupant feedback entered
via the digital survey is integrated into the data coming from CSn. The
Switch node formats the message in a comma-separated-value (CSV)
string. The CSV string contains all thermal comfort parameters
measured by CSn and the occupant feedback in a specific point in time,
determined by a timestamp. Thereafter, the CSV string is forwarded to
the next node, which creates a CSV file for the data received from CSn,
forming a document-oriented database. If the file already exists, the CSV
string, containing all the thermal comfort parameters, is added to a new
line of the CSV file, thus creating a thermal comfort time history, asso-
ciated with CSn, and a personalized thermal comfort profile for each
building occupant. The last node in the flow, the Send data to CSn node,
transmits the feedback of building occupants from the web server back
to the CSn, which is used for computing new PMV and PPD indexes.
Finally, the Plot in dashboard node forwards the thermal comfort data to
the web application. In particular, building occupants can visualize in
real time the thermal comfort data in a dashboard by navigating to a

Fig. 4. Parameters required for the calculation of the PMV and PPD indexes.
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personalized URL on a web browser. The feedback introduced by the
building occupants through the digital thermal comfort survey is
described in the next subsection.

2.4. Digital thermal comfort survey

The digital thermal comfort survey is devised to collect feedback
from building occupants about the thermal environment. To collect the
feedback, the building occupants are asked to use the web application on
the personal computers or mobile devices connected to the local
network. The survey, shown in Fig. 6 for the building occupant associ-
ated with station 2, comprises ten fields categorized into

(1) personal parameters,
(2) subjective measures, and
(3) interactions with the built environment.

The parameters align with international thermal comfort standards
[50,51] and dedicated literature [52]. The parameters captured by the
digital thermal comfort survey are described in detail in the following
subsections.

2.4.1. Personal parameters
Before entering the personal parameters, the 1. Counter starts the

survey and keeps track of the number of times building occupants

complete the digital thermal comfort survey. As shown in Fig. 6, occu-
pants need to click on the button to increment the counter. In future, the
counter will work automatically. Afterwards, the personal parameters
can be entered as follows:

2. Clothing insulation (Icl) quantifies the clothing ensemble worn by an
occupant and its resistance to sensible heat transfer, expressed in
units of clo. A dropdown menu offers a pre-defined selection of
common clothing ensembles worn in offices. Values necessary for
PMV index calculations are taken from tables in the ASHRAE Stan-
dard 55–2020.

3. Metabolic rate (met) quantifies the intensity of different types of office
activity performed by a building occupant at the moment of the
survey via a dropdown menu. Values for various activities are also
derived from the ASHRAE Standard 55–2020. Each office activity
type is expressed by a metabolic rate (met) value expressed in met
units.

The two personal variables (as well as the environmental parame-
ters) are used to calculate the PMV and PPD indexes using “real” values
rather than estimations or mean values, which is one of the strengths of
the thermal comfort monitoring system. Other personal parameters such
as gender, age, weight, and origin may also have an influence on the
thermal comfort perceived by building occupants; As they are not
required to calculate the PMV index and to comply with data privacy

Fig. 5. HTTP endpoint implemented on the RPi-based web server using Node-RED.

Fig. 6. Prototype of the digital thermal comfort survey, as part of the web application.
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regulations, they are not considered in the digital survey. Nevertheless,
additional parameters may be added to the web application using the
Node-RED framework, if required.

2.4.2. Subjective measures
Three subjective measures are captured via the digital thermal

comfort survey, which are detailed as follows:

4. Actual vote (thermal sensation vote) describes how the building oc-
cupants feel on the ASHRAE 7-point thermal comfort scale, which
mirrors the PMV index representation. The actual vote, often
considered ground truth feedback, offers direct occupant input on
their thermal comfort. The web application hosting the digital survey
displays a slider spanning − 3 to +3, enabling occupants to select
values in 0.1-point increments.

5. Thermal preference represents the preference of building occupants
for the environment through three qualitative options in a dropdown
menu: “I would prefer to be warmer”, “I would prefer to be cooler”,
or “no change”. The thermal preference aims to discover which
thermal conditions are preferred by a building occupant, considering
that under the same thermal environment, occupants might have
different thermal preferences.

6. Self-assessed productivity measures the self-rated productivity on a 5-
point scale. Options, selected from a dropdown menu in the digital
survey, include: “Unproductive”, “not very productive”, “normal”,
“productive”, and “very productive”. The parameter of self-assessed
productivity aims to evaluate the impact of thermal comfort on
occupant productivity.

2.4.3. Interactions with the built environment
In this category, the interactions of building occupants with the built

environment are captured through four parameters. The four parameters
captured for this study are related to the following elements commonly
used in the built environment to thermally adapt to the surroundings.
However, any other parameters can be added to the system to conduct
concrete studies related to the built environment, for example, adding
the use of PCS, such as heating or cooling walls or office chairs.

7. Fans: Occupants can indicate fan usage via a simple switch button
in the user interface, collecting a “yes” or “no” response.

8. Windows: Building occupants can select the window state (open
or closed) by toggling a switch button in the system.

9. Shades: The user interface displays a switch from which the
building occupant can select if shades are up or down.

10. Lights: A switch button can be used to measure the use of artificial
lighting.

2.5. Visualization of the thermal comfort parameters

Fig. 7 shows the dashboard that, on the one hand, provides building
occupants with a visualization of the four environmental parameters, i.e.
the ta, the RH, the va and the MRT, continuously measured by the

thermal comfort stations. On the other hand, the dashboard displays the
thermal comfort indexes relevant to this study, i.e. the PMV index, the
PPD index, and the actual vote, which represents the actual thermal
sensation experienced by a building occupant. The data collected by the
digital survey is merged with the environmental data, continuously
collected by the thermal comfort stations. Then, the environmental data
and the feedback obtained through the survey are automatically stored
in CSV files in the portable main station by the web server of the thermal
comfort monitoring system.

3. Calibration of the thermal comfort stations

Calibrating the low-cost sensors prior to the deployment in real-
world environments is essential to ensure the quality of the measure-
ments. This section describes the experiments for calibrating the sensors
of the thermal comfort monitoring stations. First, the setup of the
experiment, carried out in a climate chamber and using high-precision
sensors for reference, is described. Then, the results of the calibration
experiment and the accuracy of the low-cost sensors in relation to the
high-precision sensors are explained and discussed.

3.1. Experimental setup

The low-cost sensors of the thermal comfort stations are calibrated in
a climate chamber with a size of 3 m × 3 m × 2.44 m located in a 5.4 m
× 5.4 m × 3.05 m laboratory hall to keep it isolated from the outdoor
conditions (Fig. 8). The chamber is built using insulated sandwich panels
with an overall heat transfer coefficient of U = 0.27 W/m2K, which
provides a high level of thermal insulation from the surrounding room.
The chamber is tempered by water-bearing capillary tubing placed
under the interior finishing surface, which consists of tiles for the floor
and gypsum plaster for walls and ceiling. The door is not tempered, yet
due to the low overall heat transfer coefficient (U = 0.29 W/m2K) and
the rather small ta difference between the two sides of the door, it is
assumed that the non-tempered door does not strongly impact the air or
surface temperatures in the chamber. The temperature in the chamber
can be set between 10 ◦C and 40 ◦C by controlling the temperature of
each surface separately and/or by setting the temperature of a ventila-
tion system installed in the chamber. The chamber then adjusts the inlet
temperature or the temperature of the surfaces (or both), to achieve the
user-specified ta. Centered inside the climate chamber, the reference
sensors and a wind tunnel are placed along the thermal comfort stations
for carrying out the calibration experiments. The user interfaces to
control the process of the experiments are located outside the chamber.
The setup of the low-cost system and the reference system installed in
the climate chamber is illustrated in Fig. 8.

To calibrate the low-cost thermal comfort monitoring stations, con-
ventional, proprietary high-precision sensors are deployed, serving as
reference sensors. The specifications of the conventional proprietary
sensors, the subsections describing the calibration experiments, and the
low-cost sensor calibrated against each reference sensor are listed in
Table 2. The reference sensors, supplied by Ahlborn, Germany, are

Fig. 7. Dashboard of the thermal comfort monitoring system, including real-time charts of the environmental parameters and the thermal comfort indexes.
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connected to a central data logger, type Almemo MA5990–0 positioned
at the control station outside the climate chamber. In addition to the
data logger, the reference system incorporates the AMR WinControl
software [53], consisting of a user interface for graphical representation
of the measurements and export of thermal comfort data in different
formats. The reference sensors include (i) an ta sensor (Almemo
FN0001K [54]), (ii) a humidity sensor (Almemo FHA646-E1 [55]), (iii) a
globe thermometer (Almemo FPA805GTS [56]), and (iv) two va sensors
(Almemo FVA605-TA1O [57] and Almemo FVAD05TOK300 [58]. To
compare the reference sensors to the monitoring stations, all sensors are
placed next to each other on a table at the center of the climate chamber,
as shown in Fig. 9. The height of the centerline of the sensors is located
at 1.2 m above the floor and 1.5 m from the side walls. Particularly for
the air velocity calibration, a 2 m long wind tunnel, consisting of a motor
and a tube, is placed at a height of 0.75 m. To obtain meaningful results
of the calibration experiments, the measurements are conducted under
different boundary conditions, including the common environmental
conditions present in regular offices, as described in Subsection 3.2 for
the calibration experiments of each low-cost sensor.

3.2. Results of the calibration of the low-cost sensors

The results of the calibration of each low-cost sensor included in the
thermal comfort stations are described and, for each sensor type,
depicted in the following subsections.

3.2.1. Calibration of the temperature sensors
To calibrate the sensors, the four walls, the floor, and the ceiling of

the climate chamber are set to a specific temperature. The climate
chamber is considered to have achieved a stationary temperature when
the reference temperature sensor, placed in the center of the chamber,
has reached the temperature set on all surfaces. Reaching steady state is
monitored from the exterior of the climate chamber and helps reducing
to the non-uniformities inside the climate chamber to ensure optimal
conditions for calibrating the low-cost sensors.

In Fig. 10, the results of calibrating both low-cost sensors measuring
air and globe temperature using four thermal comfort stations are
depicted, with the different phases of the experiment numbered. For
calibration, the climate chamber is set to a stationary temperature of 18

Fig. 8. Experimental setup of the calibration experiments conducted in the climate chamber.

Table 2
Reference sensors used in the calibration experiments in the climate chambers.

Section Parameter Reference sensor model Accuracy Resolution Range Low-cost
sensor

3.2.1 ta NTC Type N ±0.2 K 0.01 K − 20 ◦C to 100◦ C Si7021
3.2.1 MRT 150 mm black globe with Pt100

element
±(0.3+0.005|T|) K 0.01 K − 40 ◦C to 200 ◦C TSic 206-TO92

3.2.2 RH Capacitive sensor ±2 % RH in the range of 10–90 % RH 0.1 % 5–98 % Si7021
3.2.3 va Omnidirectional thermo-anemometer ±(1 % of final value + 1.5 % of measured value) 0.001 m/s 0.01 m/s to 1 m/s Rev. C

Omnidirectional thermo-anemometer ±(1 % of final value + 3 % of measured value + 2
digits)

0.001 m/s 0.05 m/s to 2.5 m/
s
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◦C (phase 1). Then, the climate chamber is set to 28 ◦C. The air and globe
temperature are measured in a transient phase (phase 2), due to the time
it takes for the climate chamber to reach 28 ◦C. Phase 2 is followed by
phase 3 after reaching 28 ◦C. As the climate chamber takes a long time to
reach steady state, this phase is short. For the calibration, the short time
of phase 3 is unimportant as all sensors are exposed to the same envi-
ronment since the beginning of the experiment. Thereupon, the chamber
is set to 16 ◦C, initiating another transient phase (phase 4), this time
representing a descending temperature phase. Finally, the low-cost
sensors and the reference sensors measure the air and globe tempera-
ture at a stationary climate chamber temperature of 16 ◦C (phase 5). The
sampling frequency used to measure the temperature parameters with
the low-cost and the reference sensors is of 1 Hz.

From the data collected during the experiment, it can be concluded
that the offset of the values of the low-cost ta sensors is smaller than the
offset observed in the globe thermometers when both groups of sensors
are compared with the corresponding reference sensor. The average
offset of ta and tg is obtained by subtracting the mean value of ta and tg

measured by the four thermal comfort stations from the value measured
by the reference sensor. The average offset of the ta sensors during the
calibration experiments corresponds to ta = 0.221 ◦C, and the average
offset of the globe temperature is tg = − 1.86 ◦C. The offsets of both the
low-cost air temperature sensor and the globe thermometer affect the
value of the PMV slightly. For example, as shown in Table 3, with the
parameters measured in Case 1, the PMV= − 0.10. With an uncalibrated
air temperature sensor (Case 2), the PMV index under the same condi-
tions, would have shown a value of − 0.06, which corresponds to a 0.04
difference in the PMV index. In Case 3, having a hypothetical uncali-
brated globe thermometer and assuming va = 0 (where the tg =MRT), a
PMV index of +0.19 would have been measured, corresponding to an
absolute difference of 0.29. Due to the inaccuracies in the assessment of
thermal comfort when using uncalibrated environmental sensors to
compute models such as the PMV, both the air temperature sensor and
the globe thermometer are calibrated by adjusting the offset in the
software program embedded in the microcontrollers of the thermal
comfort stations.

Fig. 9. Experimental setup and the location of the thermal comfort stations (blue) and the high-precision sensors used for reference (yellow) in the climate chamber.

Fig. 10. Calibration results of the temperature sensors, including the phases of the experiment.

Table 3
Exemplary effect of inaccurate measurement of the PMV index due to uncalibrated sensors.

Case ta MRT RH va Clo Met PMV Difference

1 25 25 50 0.00 0.61 1 ¡0.10 0
2 25.221 25 50 0.00 0.61 1 ¡0.06 0.04
3 25 26.86 50 0.00 0.61 1 þ0.19 0.29
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3.2.2. Calibration of the relative humidity sensor
The control system of the climate chamber cannot regulate RH. Thus,

the calibration of the low-cost humidity sensor is conducted using a
humidifier device that elevates the indoor RH. The RH is measured in the
chamber first without influence of the humidifier (to obtain a reference
value) and then under increasing humidity conditions until reaching
saturation, i.e. RH= 100 %. Fig. 11 shows the experiment for calibrating
the low-cost humidity sensor of the thermal comfort stations. As
observed in the figure, the experiment consists of three stationary phases
and two transient phases between the phases. In the first stationary
phase (phase 1), the reference humidity sensor indicates a value of RH=

29 %, while the four low-cost sensors indicate a value of RH = 27 %.
Next, the humidifier increases the RH of the climate chamber until the
reference humidity sensor indicates a value of approximately RH= 40 %
(phase 2), after which the humidifier is stopped, leading to another
stationary phase (phase 3). The RH is measured for approximately one
hour to obtain enough values to compare the accuracy of the low-cost
sensors of the thermal comfort stations with the reference sensor. As
observed during the transient phases (phases 2 and 4), the reaction time
of the low-cost relative humidity sensors is slower than the reaction time
of the reference sensor. The slower reaction time of the low-cost sensor

happens due to the averaging of relative humidity values collected over
3 minutes with a sampling frequency of 0.2 Hz and computed in the
microcontroller of the thermal comfort stations, which does not influ-
ence the results of the calibration due to the long and stable measure-
ment periods in the climate change. At higher RH values (phase 5 with ~
RH = 90 %), the low-cost humidity sensors decrease in accuracy when
compared to the reference humidity sensor. As with the air temperature
sensor and the globe thermometer, the low-cost RH sensor is calibrated
by adjusting the offset in the software embedded in the CS, even though
small deviations in RH only have a minor influence on the calculated
PMV and PPD.

3.2.3. Calibration of the air velocity sensor
To collect the most accurate indoor measurements possible, one low-

cost air velocity sensor is calibrated in a wind tunnel, using high-

precision thermo-anemometers as a reference. The low-cost sensor is
calibrated for air velocities between va = 0 … 2 m/s, in steps of 0.1 m/s,
collecting a total of 21 calibration points. Two reference sensors were
used for the experiment, where sensor (1) was used to calibrate the low-
cost sensor from 0 m/s to 1 m/s and sensor (2) from 1 m/s to 2 m/s, as
shown in Fig. 12.The wind tunnel, consisting of a radial blower, a tube (d
= 40 mm), and a fin-type flow straightener, was used to generate
laminar air flow with different velocities. The low-cost air velocity
sensor is placed at the end of the tube, while two high-precision va
sensors are embedded inside with the sensing element aligned to the
center of the tube, as illustrated in Fig. 12. The two reference sensors are
inserted in the wind tunnel with a distance of l = 0.5 m, which avoids
disturbing the laminar flow inside the tube for this setup.

The geometry of the low-cost sensor is not symmetrical in which the
sensing element is located on the flat surface of the sensor board.
Therefore, the angle of attack, i.e. the angle at which air flow hits the
sensing element, affects the measurement of the va. Therefore, va is
measured from four different positions during the experiment: Front,
rear, both sides, and top, as shown in Fig. 13. In addition to studying
different angles of attack, different temperatures are considered during
the calibration experiment. The calibration of the low-cost air velocity
sensor is conducted at different temperatures because the sensor is based
on a thermistor, whose measurements are temperature-dependent. The
Rev. C air velocity sensor has been previously calibrated in laboratory
experiments in [14], using a test wind tunnel and obtaining a poly-
nomial calibration equation of degree 3, based on the analog values
obtained via an ESP32 microcontroller (RV_ADunits), the same micro-
controller used in this work. RV_Adunits are the values of the analog
signal received by the pin of the ESP32 microcontroller, which has a
resolution of 13 bits for a voltage between 0 and 3.3 V; the analog signal
can therefore have values between 0 (for a signal of 0 V) and 4096 (for
3.3 V). The value of the analog signal is proportional to the air velocity.
The polynomial calibration equation in [14], which is shown in Eq. 2,
was used in the program embedded in the thermal comfort stations. The
authors considered the air temperature (ta) and the temperature
measured by the thermistor of the Rev. C sensor (tRevC) for calibration,
which is set to a value of tRevC = 21.9. In addition, the polynomial
equation contains constants with the following values: K1 = 15.36921,
K2 = 0.01788, K3 = − 29.04560, K4 = 1.01536. Nevertheless, the effect
of the air temperature has been tested again in this work under
controlled conditions with the help of the climate chamber to ensure
maximum accuracy.

The diagrams shown in Fig. 14 depict the average air velocities of the
angles of the low-cost sensor used during the experiment (blue) and the
measurements of the high-precision sensors that are used for reference
(green) at different temperatures in the climate chamber. The air ve-
locities are tested in six experiments with at 15 ◦C, 20 ◦C, 23 ◦C, 25 ◦C,
30 ◦C and 35 ◦C, to be able to interpolate with more precision. For each
experiment at each of the air temperatures, the air velocity is first
adjusted for air velocities of va = 0 m/s, as it is suggested by the
manufacturer of the sensor [45]. The offset at 0 m/s for each of the six
experiments is as follows: offset15= 0.37, offset20= 0.27, offset23 = 0.23,
offset25 = 0.23, offset30 = 0.18, offset35 = 0.03. Then, air velocities be-
tween va = 0 … 2 m/s, in steps of 0.1 m/s are measured. The results
confirm that the low-cost sensor measures different air velocities under
the influence of different temperatures, as can be seen in the diagrams of

Fig. 11. Calibration curves of the humidity sensors, including the phases of
the experiment.

va =
2.285 ∗ RV_ADunits3–12.417 ∗ RV_ADunits2 + 22.831 ∗ RV_ADunits − 14.19

K4–((tRevC–ta) ∗ K1 ∗ RV_ADunitsK3 )) − (tRevC–ta) ∗ K2
(2)
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Fig. 14, in which the offset between the low-cost sensors and the
reference values increase the higher the air velocities are in the six ex-
periments at different air temperatures. For example, the diagram

showing the results of the measurements at ta = 15 ◦C indicates that, on
the one hand, the low-cost sensors measure, in average, a va value almost
twice as large as the reference air velocity sensor. On the other hand, at

Fig. 12. Experimental setup to calibrate the low-cost air velocity sensor. (1) Reference thermo-anemometer (va = 0.01–1 m/s), (2) reference thermo-anemometer (va
= 1–2 m/s).

Fig. 13. Photos of the calibration experiment for all sides of the air velocity sensor.

Fig. 14. Calibration results for the air velocity sensors at different air temperatures.
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ta = 35 ◦C, the low-cost sensors measure air velocities that are approx-
imately half the value of the reference sensor. At moderate air temper-
atures (ta= 23 ◦C; 25◦C), however, the low-cost sensor is quite accurate,
which indicate that the calibration curves obtained in [14] work well for
moderate indoor room temperatures. Moreover, the results shown in
Fig. 14 indicate that the inaccuracy of the low-cost sensor readings in-
creases linearly as the air velocities increase. Thus, the calibration
curves of the low-cost sensors are adjusted to match the reference values
for more sensor accuracy.

After the wind tunnel calibration of one va sensor, all low-cost va
sensors are calibrated and tested in the climate chamber. This is
necessary to simulate real world conditions where air flows are omni-
directional and might be subjected to blocking effects. In the investigated
case, air velocities are quite low as the mechanical ventilation was
switched off and only natural convection existed. For testing, the low-
cost sensors are compared to the high-precision sensor used for cali-
bration from va = 0 m/s to va = 1 m/s. The results of the test of the low-
cost va sensors are shown in Fig. 15. The four low-cost sensors capture
the changes in air velocity that the high-precision sensor measures, as
can be seen from the simultaneous peaks in the figure. However, two of
the low-cost sensors, CS1 and CS3 measure air velocities with an average
offset value of va = +0.25 m/s, which may be subjected to blocking
effects. The air velocity tests highlight that there may be inaccuracies in
the calculation of the PMV index due to the uncertainty and the errors
induced by the air velocity sensor, which is may be only suitable to a
limited extent. The accuracy of the air velocity measurement also in-
fluences the MRT value, which is also used to calculate the PMV index,
although the error remains small due to the relatively low air velocities
in indoor environments. The offset for the air velocity sensor of thermal
comfort stations CS1 and CS3 is calibrated before the field test that is
described in the next section.

4. Validation of the thermal comfort monitoring system

To validate the capability of the low-cost system to monitor occupant
thermal comfort, a four-week field test is conducted during the month of
April in Germany, which has a moderate continental climate in the
spring season, with average temperatures of 9 ◦C. The field test is con-
ducted in an office environment during regular office activities under
real-world conditions. The thermal comfort monitoring system collects
(i) environmental parameters measured by the thermal comfort stations
and (ii) feedback from the building occupants entered through the

digital survey, comprising (1) personal parameters, (2) subjective
measures, and (3) interactions with the built environment. In the
following subsections, the test setup is introduced, followed by the
presentation and a discussion of the results.

4.1. Field test setup

The field measurements were conducted at five office rooms located
in an office environment. The measurements were performed using the
four previously-mentioned thermal comfort stations in addition to a fifth
station, which was constructed and calibrated after the calibration of the
four other stations. The thermal comfort stations measure the four
environmental parameters, i.e. ta, RH, va, and tg (to calculateMRT) at 5-
second intervals during three minutes before sending an average for
each parameter. The averaged environmental parameters are used to
calculate the PMV index, which is calculated onboard the thermal
comfort station and sent to the server every three minutes. Each station
collects data for 4 weeks, 7 days a week, 24 hours a day at 20 data points
per hour for a total of 13,440 data points. In addition, each person taking
part in the field test is assigned a dashboard to complete the digital
survey on their personal computers. The field test participants were
asked during the period of the field test to fill (at least) three times a day
the digital survey. An IoT gateway establishes a local network, in which
the thermal comfort stations and the digital survey are connected to the
web server hosted in the portable main station. The locations of the
thermal comfort stations in the office environment, as well as the
portable main station and the IoT gateway are shown in Fig. 16. All
participating offices have a similar size and the same orientation making
the results comparable.

4.2. Results of the field test

During the field test, the building occupants voted 272 times during
the four weeks of the field test. The cumulative number of votes per
building occupant is shown in Fig. 17. In the following subsections, the
capability of the system to assess personalized thermal comfort is
demonstrated.

4.2.1. Environmental and personal parameters
Table 4 shows the weekly average of the environmental parameters

collected by the thermal comfort stations and the two personal param-
eters obtained via the digital survey. The table also shows the basic

Fig. 15. Testing of the low-cost air velocity sensors before calibration.
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descriptive statistics, including total average, median, and standard
deviation (SD) as well as the minimum and maximum values, which can
be used for further statistical analysis. As an example, the relation be-
tween clothing preference to the air temperature for all building occu-
pants is presented (Fig. 18, Table 4). A correlation value of corr = - 0.66
is calculated from ta and the average Icl of all occupants indicating
reduced clothing when the air temperature increases. However, indi-
vidual differences can be observed in the results for each occupant. For
example, ss observed from the figure, O1 has constantly a larger clothing
insulation value than O2 for the same ta, i.e. O1 wears more clothes than
O2. The differences might be an indicator for the need of personalized
thermal comfort.

4.2.2. Subjective measures
Table 5 summarizes the data collection results related to the sub-

jective measures, including the basic descriptive statistics. The averages
of the PMV index and the averages of the corresponding actual votes,
both expressed on the 7-point scale, are summarized. In addition, the
self-assessed productivity of the occupants is expressed on a five-point
scale: Very unproductive (-2), unproductive (-1), normal (0), produc-
tive (1), and very productive (2). The thermal preference is expressed on
a three-point scale: “I want it to be cooler” (-1), “no change” (0), and “I
want it to be warmer” (1). On the one hand, the results show that in
average, the building occupants self-assess the productivity between
0 and 1 for the conditions of the indoor environment. On the other hand,
the results of the average thermal preferences show that the building
occupants prefer to be cooler for weeks 1, 2, and 4, but would prefer a
slightly warmer environment on week 2.

Fig. 19 compares the average PMV index and the average actual vote
of all building occupants during the field test. The actual vote corre-
sponds to the vote on the subjective thermal sensation on the 7-point
scale entered by the building occupants via the digital survey. The
personalized PMV index, also expressed in the 7-point scale, is

Fig. 16. Setup of the field test including the thermal comfort stations (1− 5), the IoT gateway (6), and the portable main station (7).

Fig. 17. Cumulative number of votes per building occupant (O - occupant).

Table 4
Weekly average values of the environmental and personal parameters.

Week ta (◦C) RH (%) va (m/s) MRT (◦C) Met (met) Icl (clo)

1 26.24 24.63 0.12 26.06 1.10 1.00
2 26.81 22.76 0.11 26.50 1.18 1.01
3 27.22 28.20 0.10 26.82 1.17 0.87
4 27.60 34.67 0.16 27.19 1.19 0.60
Average 27.05 28.13 0.12 26.73 1.16 0.84
Median 27.16 26.57 0.12 26.67 1.14 1.01
SD 0.71 5.97 0.05 0.69 0.05 0.20
Minimum 25.48 22.00 0.03 25.69 1.08 0.57
Maximum 28.70 43.32 0.27 28.66 1.26 1.01

Fig. 18. Comparison of the clothing insulation values for all occupants.

Table 5
Weekly average values of the subjective measures.

Week PMV Actual vote Productivity Thermal preference

1 0.69 1.86 0.04 − 0.92
2 0.92 − 0.26 0.24 0.13
3 0.89 0.18 0.01 − 0.02
4 0.68 − 0.40 0.46 − 0.46
Average 0.83 0.33 0.11 ¡0.29
Median 0.84 0.24 0.00 ¡0.14
SD 0.22 0.97 0.45 0.46
Minimum 0.36 ¡1.10 ¡1.00 ¡1.00
Maximum 1.13 2.00 1.00 0.62
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calculated by the thermal comfort stations and averaged over two
weeks. The low-cost thermal comfort monitoring system aggregates and
integrates the personalized PMV index and the actual vote, facilitating
the comparison of the two values. By comparing the two average values,
the suitability of the personalized PMV index to assess thermal comfort
is examined. It is to be noted, that the analysis presented in this sub-
section showcases an example on how the system can be used to analyze
thermal comfort data, in this case, by comparing the PMV index and the
“actual vote”. In the two-week data collection period, the absolute dif-
ference between the PMV index and the actual vote, depicted in Fig. 19
for all building occupants, are O1 = 0.45, O2 = − 0.38, O3 = − 0.08, O4 =
0.18 and O5 = − 0.16, respectively, indicating that thermal comfort is
perceived uniquely by each occupant. However, the applicability of the
PMV index for personalized thermal comfort is limited and other
methods have been proposed [59]. The applicability of the PMV index
and the limitations, are discussed in Section 4.3.

4.2.3. Interactions with the built environment
In addition to studying the suitability for thermal comfort moni-

toring, the interaction of the building occupants with the built envi-
ronment can be studied by considering the use of fans, the state of the
windows and shades, as well as the use of lights in the offices. Exem-
plarily, Fig. 20 shows the air temperatures measured by the comfort
stations (CS1 to CS5) over a regular working day. For example, by
opening the windows in the room monitored by CS4, the ta drops, as can
be seen from Fig. 20. After closing the windows, the temperature in-
creases again. Similar drops in temperature due to window openings can
be observed in the figure for all CSn. Through the digital survey, the
occupants provide the thermal comfort monitoring system with the
moments when the windows are open. Thus, the system is able to collect
both the temperature drops and the moments when the windows are
open, laying the foundations for future work, in which the data will be

used for training artificial intelligence models to automatically detect
the state of windows.

4.3. Discussion of the results

The validation tests have been conducted to evaluate the capability
of thermal comfort monitoring system to personalize thermal comfort
assessments. This subsection presents an analysis of the results obtained
from the field test, highlighting the advantages and limitations of the
study. In summary, the main advantages of the low-cost thermal comfort
monitoring system are the following:

• Low-cost hardware components: By being budget-friendly, and
competing in price with other low-cost comfort monitoring systems,
the personalized thermal comfort monitoring system is accessible to
a wider range of users, including smaller organizations, research
projects with limited funding, and individuals. Using low-cost sen-
sors and a low-cost microcontroller facilitates the scalability of the
system, making it more feasible to deploy a larger number of sensors
across a facility or multiple locations. Scaling the system allows for
comprehensive coverage, enabling a more detailed and accurate
assessment of thermal conditions in different areas.

• Free and open-source software: The software embedded into the
thermal comfort stations is developed with open-source tools and,
due to its modularity, can be extended and re-used for other imple-
mentation cases. Moreover, the web server is based on the Node-RED
framework, which is free, open source, and compatible with common
operating systems, including the Raspbian operating system used in
this project, allowing for connecting to widely used cloud database
services, such as InfluxDB or MongoDB, or for integrating data from
external sources, such as weather forecast websites.

• Personalization: The monitoring system enables personalized thermal
comfort assessment by collecting individual preferences and re-
sponses through digital surveys, seamlessly integrated with envi-
ronmental data. The data can be utilized for tailoring the built
environment to meet specific occupant needs and for optimizing
comfort and energy efficiency. In Subsection 4.2.2, the discrepancies
between the PMV index and the actual vote may occur, for example,
if the air temperature is high but the occupant feels cold. It is true
that the limitations of the PMV model are well documented in the
literature [59].While improved variations, such as the new predicted
mean vote (nPMV), the extended predicted mean vote (ePMV), and
the adaptive predicted mean vote (aPMV), demonstrate better pre-
dictions of actual votes, they all share the same major limitation,
which is providing a “mean” vote for the “average” user, which does
not reflect the complexity of individual adaptation and thermal
comfort preferences in rooms occupied by multiple users. The system
proposed in this study aims to calculate PMV and simultaneously
collect the actual votes of the users, with the goal of creating a
thermal comfort profile and a personalized PMV for each user in the
future. Thus, each occupant will have a different adaptation coeffi-
cient, which is derived and developed over time as users continue to
provide actual votes. The standard PMV has been used as the basis
for this personalization process (instead of, e.g., aPMV) because of its
acceptability as a standardized model adopted by thermal comfort
standards, such as ISO 7730 and ASHRAE 55.

• Automation: The monitoring system, being IoT enabled, allows for
automating data collection and analysis. By connecting actuators,
such as humidifiers, automatic window controls or smart heating and
cooling devices, the system also allows controlling environmental
conditions. The automation through IoT technology reduces the
manual workload, ensures real-time monitoring, and facilitates
timely adjustments of control systems based on thermal comfort
data, which reduces energy consumptions in buildings. Thermal
preferences of building occupants can be used to implement control
strategies to optimize thermal comfort using HVAC systems and

Fig. 19. Comparison of the personalized PMV index and the actual vote for all
building occupants.

Fig. 20. Changes in air temperature when windows are opened and closed on
one working day.
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personalized comfort systems while reducing the energy consump-
tion in buildings. Control strategies based on PID controllers, fuzzy
logic, particle swarm optimization, multi-agent systems, and rein-
forcement learning may be implemented using the thermal comfort
sensation obtained with through the survey.

• Ease of use: Leveraging IoT technologies streamlines the process of
both data collection and user interaction. Digital surveys can easily
be distributed and completed with reduced occupant effort, while
sensor nodes can be deployed in a plug-and-play style in different
locations of an indoor environment, thanks to the wireless commu-
nication inherent to IoT devices. The incorporation of IoT technol-
ogies in collecting occupant feedback may contribute to an improved
overall participation of occupants in the survey process, aligning
with current research interests.

While highlighting the several advantages as mentioned above, it is
important to acknowledge that further work is needed to enhance the
personalization and automation of the monitoring station. The following
list discusses possible future efforts.

• Calibration of the PMV value using the thermal comfort stations: A
calibration that explains the uncertainties and errors of the whole
thermal comfort station should have been tested with the reference
sensors in separate experiments after all sensors had been calibrated.
If the PMV index calculated by the thermal comfort station wants to
be sued reliable, static and dynamic experiments should be con-
ducted in the climate chamber at different temperatures. For the
dynamic experiments, it is also to be noted that the response times of
reference sensors may be larger, such as in the case of the reference
globe thermometer, in which the response time is 15 min.

• Machine learning (ML) for thermal comfort personalization: While ML
models for personalization are not implemented in the system, the
database built over time opens opportunities for future ML integra-
tion, particularly to address seasonality patterns and further enhance
personalization through prognostics. ML models may be included
into the web server. Moreover, libraries are available for imple-
menting ML applications that are supported by low-cost and low-
power microcontrollers, such as the ESP32 used in this study. By
implementing ML applications onboard microcontrollers of the
sensor nodes, the low-cost thermal comfort monitoring system may
be further automated and decentralized.

• Integrating actuator components: Although actuators for automating
HVAC systems or automatically opening and closing windows and
shades are available, actuator technology is not widely deployed or is
expensive due to specific hardware components and software licen-
ses. In the current study, actuators are not yet included; rather, the
thermal comfort monitoring system serves as a reliably basis to
provide recommendations to building occupants to manually
interact with the environment, by integrating actuators and
personalized comfort systems to the system developed in this study.

• Occupant data collection: The dependence on building occupants for
data collection presents limitations, as occupants must access digital
surveys, and no specific strategies have been implemented to ensure
regular participation. Future research may explore innovative
methods to automate data collection, potentially leveraging ML to
analyze the data for insights into occupant behaviors. In addition,
window usage, lighting conditions, or personal parameters may be
identified through computer vision techniques. For example, a
webcam or mobile robot equipped with a stereo camera and com-
puter vision algorithms could detect the presence of building occu-
pants and identify the activity of the occupants to determine
metabolic rate values.

• Addition of further sensors: Furthermore, it is recommended to focus
on further aspects related to the environmental data to be collected
by the thermal comfort stations and the feedback obtained from the
occupants through digital surveys. Therefore, further sensors may be

added to account for further measurements, such as CO2. Adding
lights sensors and sensors to detect the state of a window (open or
closed) may be added as well to automate the collection of data
related to the state of building elements, which is currently con-
ducted through the digital survey. Moreover, the limitations of the
accuracy of the low-cost air velocity sensor have been highlighted
during the calibration process. Thus, the thermal comfort stations
may include new air velocity sensors when a good alternative is
available on the market.

5. Summary and conclusions

This paper has presented a low-cost thermal comfort monitoring
system, which is characterized by a four-layer IoT architecture, low-cost
hardware components, and embedded software applications. The sys-
tem aims at automating data collection and integration to enhance the
accuracy of thermal comfort assessments and reducing errors known
from paper-based surveys, caused by manual integration and processing
of data. The low-cost thermal comfort monitoring system, including
thermal comfort stations, a portable main station based on RPi, and a
digital thermal comfort survey, successfully collected personalized
thermal comfort data during a long period of time. The collection of data
is maximized thanks to the continuous measurement of environmental
parameters by the thermal comfort stations, each built for less than 50 €.
The effort of building occupants to give feedback on (i) personal pa-
rameters, i.e. clothing insulation and activity levels, (ii) subjective
measures, i.e. actual votes, thermal preferences, and productivity, and
(iii) interactions with the built environment, i.e. windows, fans, shades,
and lights, is reduced by developing a web application that includes a
personal digital survey. The digital survey improves the collection of
occupant feedback that is often conducted manually with paper-based
surveys, and integrates the feedback with the environmental data
collected by the thermal comfort stations, facilitating posterior data
analysis. Thus, the innovation of this work focuses on developing a low-
cost and open-source personalized thermal comfort monitoring system,
capable of autonomously integrating environmental data with feedback
from building occupants, who can fill a digital survey designed to collect
personal parameters, subjective measures, and interaction with the
building with minimal effort for the occupant.

To obtain the maximum accuracy of the data collected by the ther-
mal comfort stations, each low-cost sensor has been calibrated in several
experiments under controlled conditions, which is another main aspect
of this work. The calibration experiments are conducted in a climate
chamber using high-precision reference sensors. After calibrating the
sensors, a field test has been conducted to validate the capability of the
low-cost thermal comfort monitoring system to personalize thermal
comfort assessments. Personalized thermal comfort is assessed by sta-
tistically investigating the environmental parameters collected by the
thermal comfort stations and the feedback obtained from the building
occupants via the digital thermal comfort survey. The results of the field
test show that the low-cost thermal comfort monitoring system can
continuously and reliably collect thermal comfort data over long periods
of time.

This paper contributes to research in the field of thermal comfort by
providing a system that facilitates investigating personal parameters,
preferences, and productivity of building occupants, as well as the
interaction between occupants and the built environment. Furthermore,
the system is capable of personalizing thermal comfort models, such as
the PMV model, to examine the suitability by comparing the results of
the models with feedback on thermal sensation or thermal preferences of
building occupants. In future research, based on the recommendations
summarized in Section 4, the low-cost thermal comfort monitoring
system may be used in large-scale thermal comfort surveys, or to control
personalized comfort systems via actuators. Besides incorporating ac-
tuators, cyber-physical and multi-agent systems consisting of autono-
mous software entities known from distributed artificial intelligence
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may be used to link autonomous software agents with physical sensors
and actuators to form a distributed monitoring system. Autonomous
agents embedded into sensor and actuator nodes may coordinate,
collaborate, and negotiate to perform tasks, such as maximizing thermal
comfort by using actual votes to personalize the PMV index, minimizing
energy consumption in buildings, or sending alerts to building occupants
when the conditions of the environment are not satisfactory. Thus, in
future studies, control and optimization algorithms will be investigated
and implemented into the personalized thermal comfort monitoring
system to enhance the ability to maximize thermal comfort while
minimizing energy consumption of HVAC systems or personal comfort
systems.
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