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Abstract 
With focus on establishing an accurate and cost-effective 
concept for monitoring indoor ambient conditions, this 
paper presents a thermal comfort monitoring station based 
on low-cost non-proprietary sensors. As additional fea-
tures, the station is small-sized and equipped with an 
algorithm for evaluating indoor thermal sensations in 
compliance with the DIN EN ISO 7730 standard. To 
validate the accuracy of the proposed thermal comfort 
monitoring station, a climate chamber instrumented with 
conventional high-quality proprietary sensors for moni-
toring ambient parameters is employed, simulating vari-
ous ambient indoor conditions while utilizing the conven-
tional proprietary sensors for benchmarking purposes. As 
a result, the findings of the validation tests demonstrate 
the accuracy of the proposed low-cost thermal comfort 
monitoring station, rendering the system an accurate and 
cost-effective ambient monitoring alternative for HVAC 
systems. 
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Introduction 
Ambient assisted living (AAL) applications for residen-
tial buildings as well as heating, ventilation, and air con-
ditioning (HVAC) for non-residential buildings share 
adverse high-cost investments as a common drawback. 
Although advancements contributing to cost-effective 
solutions have been proposed, AAL applications and 
HVAC systems remain limited to conventional strategies 
and techniques [1]. Irrespective of capital investment 
requirements, thermal comfort remains essential [2-3]. As 
a result, it is important to advance HVAC systems that 
not only mitigate adverse high-cost investments, but also 
enable accurate thermal comfort assessment. 

Montgomery et al. have pointed out HVAC as the lead 
contributor to high-cost investments in building manage-
ment systems [4]. Revel et al. [5] have presented a low-
cost solution for AAL based on [6, 7], proposing the 
replacement of conventional thermostat HVAC control 
systems. To the same effect, Kumar et al. [8] have pre-
sented a thermal smart comfort sensor based on evalua-
tion of predicted mean vote (PMV) according to DIN EN 
ISO 7730. With the concept of a thermal smart comfort 
sensor as a basis, a low-cost distributed monitoring sys-
tem has been presented in [9], upscaling the PMV-based 
thermal comfort smart sensor concept. More recently, a 

low-cost comfort monitoring station (CoMos) has been 
presented emphasizing compact design for wide area 
comfort monitoring [10]. Although the contributions 
identified in the aforementioned approaches converge 
towards low-cost solutions, a commonality is that no clear 
technique for validation has been applied. 

Focusing on establishing a cost-effective, yet accurate, 
solution for estimating thermal comfort, the research 
presented in this study contributes an alternative concept 
for monitoring indoor ambient parameters relevant to 
thermal comfort based on low-cost non-proprietary sen-
sors. In addition, a prototype has been developed and 
validated in a climate chamber under various boundary 
conditions. The research presented herein is based on 
previous studies conducted on smart sensing technologies 
[11-13]. The remainder of this paper is structured as 
follows. First, design and implementation of the low-cost 
thermal comfort monitoring station are presented. Then, 
the validation of the low-cost thermal comfort monitoring 
station is shown. Next, the results of the validation tests 
are discussed. The paper concludes with a summary and a 
description of potential future work. 

Design and implementation of a low-cost 
thermal comfort monitoring station 
Design and implementation of the proposed thermal 
comfort monitoring station is premised on the evaluation 
of the PMV, which is determined based on (i) air temper-
ature, (ii) air humidity, (iii) mean radiant temperature, and 
(iv) air velocity [6]. The PMV index is derived from a 7-
point thermal-sensation scale, shown in Figure 1, which 
ranges from −3 (cold) to +3 (hot). The subsequent two 
subsections detail the hardware implementation and the 
software design, respectively. 

 

Figure 1: PMV thermal comfort scale 

Hardware 

The hardware development follows preliminary work 
presented in [14]. Figure 2 exhibits the hardware of the 
low-cost thermal comfort monitoring station developed in 
this study, described as follows; the component costs and 
total cost of the monitoring station are listed in Table 1. 



 

 

 

Figure 2: The low-cost thermal comfort monitoring station 

prototype 

Air temperature and air humidity are measured using the 
DHT22 digital sensor manufactured by Adafruit Indus-
tries (labeled A). The globe thermometer (labeled B) is 
constructed following the guidelines outlined in [15], 
using a standard table tennis ball (with a diameter of 40 
mm and a weight of 2.7 g) as well as a digital DS18B20 
temperature sensor manufactured by Maxim Integrated. 
Inserting the DS18B20 temperature sensor into the ball, 
fastening and sealing the DS18B20 temperature sensor 
within the ball (in an air-tight manner), and painting the 
sensor-intruded ball black, the custom globe thermometer 
is used to measure the globe temperature, which is used to 
retrieve the mean radiant temperature (MRT) as a func-
tion of globe temperature, air velocity, emissivity, and 
diameter of the globe as well as air temperature in the 
room. The air velocity is not measured but assumed being 
constant within this study. Finally, an ESP32 Nodemcu 
manufactured by Espressif Systems (labeled C) is em-
ployed as system-on-a-chip (SOC) microcontroller.  

Table 1: Component costs and total cost of the monitoring 

station (inclusive of taxes) 

Specifica-
tions 

DHT22 MRT sensor 
ESP32 

θ °C RH DS18B20 Globe/ball 

Accuracy ±0.5 °C ±1% ±0.5 °C n/a n/a 

Cost € 3.88 € 3.61 € 0.60 € 8.79 

Total cost € 16.88 

Software 

Sensor ambient parameter measurements and PMV index 
calculating logic are embedded into the ESP32-based 
microcontroller, enabling SOC on-board intelligence for 
estimating thermal comfort. The Internet of Things (IoT) 
is used as basis for real-time communication, employing 
Message Queuing Telemetry Transport, a machine-to-
machine IoT connectivity protocol that facilitates light-
weight publish/subscribe messaging transport. 

Validation of the low-cost thermal com-
fort monitoring station 
Utilizing a climate chamber operated by the Chair of 
Building Physics at Bauhaus University Weimar, the 
accuracy of the low-cost thermal comfort monitoring 
station is validated against conventional high-quality 
proprietary sensors. Emulating variable indoor ambient 

conditions, thermal comfort calculated from both stations 
is comparatively analyzed.  

Description of the climate chamber 

A schematic representation of the climate chamber is 
shown in Figure 3. The climate chamber is a 
3 m x 3 m x 2.44 m isolated indoor compartment, insulat-
ed from the outer-encapsulating room with sandwich 
panels, permitting an overall heat transfer of U = 0.27 
W/m2K. The chamber is tempered by water-bearing 
capillary tubing placed under the interior surfaces, having 
floor tiles and a gypsum plaster finish on both the walls 
and the ceiling. 

 

Figure 3: Climate chamber at Bauhaus University Weimar 

Experimental setup 

The experimental setup is based on variable control of 
ambient conditions, where the temperature in the climate 
chamber can be varied between 10 °C and 40 °C through 
unique control of interior surface area temperature, i.e. 
control of walls, floor, and ceiling temperatures, control 
of the ventilation system, and combinatory control of both 
interior surface area temperature and the ventilation 
system. For the validation tests, two extreme boundary 
conditions are defined, (i) low-temperature boundary 
(14 °C), and high-temperature boundary (40 °C). The 
climate chamber is primed 24 hours prior to the validation 
tests to allow ambient conditions reach a steady state, 
uniformly tempering the climate chamber interior surface 
areas to the same temperature. Once primed, the bounda-
ry conditions are applied to emulate both ambient condi-
tions. 

Validation tests 

Figure 4 shows the experimental setup for validating the 
low-cost thermal comfort monitoring station. The specifi-
cations of the conventional proprietary sensors, each of 
which manufactured by Ahlborn, are described as fol-
lows. In Figure 4, label A indicates a negative coefficient 
thermistor (NTC) sensor, which has an accuracy of 
±0.05 K and a resolution of 0.01 K. Label B depicts a 
globe thermometer with a 150 mm diameter black globe 
thermometer, equipped with a Pt100 thermistor of 
±0.05 K accuracy and 0.01 K resolution. Label C shows a 
humidity sensor with an accuracy ±2% and a measuring 



 

 

range of 5% to 98%. All conventional proprietary sensors 
are connected to a central Almemo data logger located 
outside the climate chamber. 

 

Figure 4: Climate chamber experimental setup with convention-

al proprietary sensors for validation (A, B, C) and low-cost 

monitoring station (D)  

Results and discussion 
For validating the accuracy of the low-cost monitoring 
station, comparative analyses are carried out between the 
ambient parameters retrieved by the Ahlborn sensors and 
the ambient parameters retrieved by the sensors of the 
low-cost monitoring station. The analyses are based on 
cosine similarity, which establishes similarity/ dissimilari-
ty coefficients based on formula (1). 

 

(1) 

 

In formula (1), A represents the range of an ambient 
parameter independently retrieved by an Ahlborn sensor 
and B represents the range of an ambient parameter re-
trieved by a sensor employed in the low-cost monitoring 
station. The cosine similarity coefficient ranges between 
–1 and 1, where –1 indicates absolute dissimilarity and 1 
indicates absolute similarity. The results achieved for air 
temperature, air humidity, mean radiant temperature, and 
air velocity are illuminated in the remainder of this sec-
tion, followed by a comparison of the PMV indexes 
calculated from the conventional proprietary sensors and 
by the low-cost monitoring station. In the following 
figures, conventional proprietary sensor values are repre-
sented by blue-line charts, labeled “P”, while the non-
conventional proprietary sensor values are represented by 
orange-line charts, labeled “NP”. 

Accuracy of air temperature 

Figure 5 and Figure 6 characterize the temperature values 
retrieved for the low-temperature boundary and high-
temperature boundary ambient settings, respectively. The 
low-temperature boundary cosine similarity coefficient is 
evaluated to be 0.95 and the high-temperature boundary 
cosine similarity coefficient is evaluated to be 0.98. 

Figure 5: Comparative analysis of temperature measured under 

low-temperature boundary ambient setting 

Figure 6: Comparative analysis of temperature measured under 

high-temperature boundary ambient setting 

Accuracy of air humidity 

Figure 7 and Figure 8 characterize the air humidity values 
retrieved for the low-temperature boundary and high-
temperature boundary ambient settings, respectively. The 
low-temperature boundary cosine similarity coefficient is 
evaluated to be 0.94 and the high-temperature boundary 
cosine similarity coefficient is evaluated to be 0.95. 

Figure 7: Comparative analysis of air humidity measured under 

low-temperature boundary ambient setting 

Figure 8: Comparative analysis of air humidity measured under 

high-temperature boundary ambient setting 

Accuracy of mean radiant temperature 

Figure 9 and Figure 10 characterize the MRT values 
retrieved for the low-temperature boundary and high-
temperature boundary ambient settings, respectively. The 
low-temperature boundary cosine similarity coefficient is 
evaluated to be 0.84 and the high-temperature boundary 
cosine similarity coefficient is evaluated to be 0.83. The 
results indicate that the low-cost globe thermometer 
developed in this study has recorded higher fluctuations 
in the measured values as compared to the Ahlborn globe 
thermometer, which is due to the small heat capacity of 

1

2 2

1 1

( , )

n

i i
i

n n

i i
i i

A B
A B

similarity A B
A B

A B



 




 






 



 

 

the table tennis ball compared to the metal globe imple-
mented into the Ahlborn thermometer. The low heat 
capacity is, in fact, advantageous as it increases the sensi-
tivity of the globe thermometer to changes in the bounda-
ry conditions. Other reasons for differences in measured 
fluctuations may be due to the accuracy and sensitivity of 
the thermal element used in the center of the globe.  

Figure 9: Comparative analysis of MRT measured under low-

temperature boundary ambient setting 

Figure 10: Comparative analysis of MRT measured under high-

temperature boundary ambient setting 

Comparison of PMV indexes 

The PMV indexes calculated from the conventional pro-
prietary sensors and by the low-cost monitoring station 
are evaluated following equation (2), 

PMV = (0.303e–0.036M + 0.28)L,                 (2) 

where M is the metabolic rate and L is the thermal load on 
the body.  

For evaluating the PMV indexes, the following assump-
tion are made: 1 equivalent (MET) for the metabolic rate, 
0.5 clo thermal insulation for the 40 °C high-temperature 
boundary ( ), thermal typical summer indoor  and 1.0 clo 
insulation for the 14 °C low-temperature boundary (typi-

). Table 2 presents the PMV indexes cal winter indoor
calculated as part of validation.  

Table 2: PMV-based thermal comfort estimation 

Ambient setting 
Conventional 
proprietary 

sensors 

Low-cost thermal 
comfort monitor-

ing station 

High-temperature boundary 4.87 4.87 

Low-temperature boundary –2.49 –2.49 

 

For the high-temperature boundary, with an ambient 
setting of 40 °C, an anticipated hot sensation is indicated 
by a similar PMV index evaluated from both systems. 
Also for the low-temperature boundary, with an ambient 
setting of 14 °C, an anticipated cold sensation is indicated 
by a similar PMV index evaluated from both systems. 

With equal PMV indexes for both low-temperature 
boundary and high-temperature boundary, the low-cost 
thermal comfort monitoring station is successfully vali-
dated, corroborating the accuracy of the station. 

Summary and conclusions 
In this paper, a low-cost thermal comfort monitoring 
station has been proposed and demonstrated to be suffi-
ciently accurate for monitoring ambient indoor thermal 
comfort parameters. Furthermore, an algorithm embedded 
into the thermal comfort monitoring station to calculate 
thermal comfort from the parameters obtained through the 
sensors has been proven to be accurate. With a climate 
chamber deployed as a basis for the validation, the work 
presented in this paper also outlines a technique for effec-
tively validating low-cost non-proprietary sensors to be 
employed for thermal comfort estimations.  

Acknowledgements 
This research is partially supported by the German Re-
search Foundation under grant SM 281/12-1 and by the 
German Federal Ministry of Transport and Digital Infra-
structure under grant VB18F1022A. Major parts of this 
work have been conducted in the “Structural Health 
Monitoring Laboratory”, sponsored by the European 
Union through the European Fund for Regional Devel-
opment (EFRD) and the Thuringian Ministry for Eco-
nomic Affairs, Science and Digital Society (TMWWDG) 
under grant 2016 FGI 0009. The authors also thank Prof. 
Sabine Hoffmann and M. Eng. Mathias Kimmling (TU 
Kaiserslautern) for the fruitful collaboration. 

References 
[1] W. Guo and M. Zhou, 2009. Technologies toward 

thermal comfort-based and energy-efficient HVAC 
systems: A review. In: Proceedings of the IEEE In-
ternational Conference on Systems, Man and Cy-
bernetics, San Antonio, TX, USA. 

[2] F. Jazizadeh, G. Kavulya, L. Klein, and B. Becerik-
Gerber, 2011. Continuous Sensing of Occupant Per-
ception of Indoor Ambient Factors. In: Proceedings 
of the International Workshop on Computing in 
Civil Engineering, Los Angeles, CA, USA. 

[3] H. Zhang, E. Arens, and W. Pasut, 2011. Air tem-
perature thresholds for indoor comfort and per-
ceived air quality. Building Research and Infor-
mation, 39(2):134-144. 

[4] P. M. Ferreira, S. M. Silva, A. E. Ruano, A. T. 
Négrier, and E. Z. Conceição, 2012. Neural network 
PMV estimation for model-based predictive control 
of HVAC systems, In: Proceedings of the IEEE In-
ternational Joint Conference on Neural Networks, 
Brisbane, Australia. 

[5] J. F. Montgomery, S. I. Green, S. N. Rogak, and K. 
Bartlett, 2012. Predicting the energy use and opera-
tion cost of HVAC air filters. Energy and Buildings, 
47:643-650. 



 

 

[6] ISO 7726, 2002. Ergonomics of the thermal envi-
ronment - instruments for measuring physical quan-
tities, Technical report. International Standardiza-
tion Organization, Geneva, Switzerland. 

[7] ISO 7730, 2005. Ergonomics of the thermal envi-
ronment – Analytical determination and interpreta-
tion of thermal comfort using calculation of the 
PMV and PPD indices and local thermal comfort 
criteria, Technical report. International Standardiza-
tion Organization, Geneva, Switzerland. 

[8] A. Kumar, I. P. Singh, and S. K. Sud, 2010. An 
approach towards development of PMV based 
thermal comfort smart sensor. International Journal 
on Smart Sensing and Intelligent Systems, 3(4):621-
642. 

[9] W. Torresani, N. Battisti, A. Maglione, D. Brunelli, 
and D. Macii, 2013. A multi-sensor wireless solu-
tion for indoor thermal comfort monitoring. In: Pro-
ceedings of the IEEE Workshop on Environmental 
Energy and Structural Monitoring Systems. Trento, 
Italy. 

[10] M. Kimmling and S. Hoffman, 2019. Behaglich-
keitsmonitoring – flächendeckend und kostengüns-
tig mit der Sensorstation CoMoS. Bauphysik, 
41(2):111-119. 

[11] M. Steiner, D. Legatiuk, and K. Smarsly, 2019. A 
support vector regression-based approach towards 
decentralized fault diagnosis in wireless structural 
health monitoring systems. In: Proceedings of the 
12th International Workshop on Structural Health 
Monitoring. Stanford, CA, USA. 

[12] K. Dragos, M. Theiler, F. Magalhães, C. Moutinho, 
and K. Smarsly, 2018. On-board data synchroniza-
tion in wireless structural health monitoring systems 
based on phase locking. Structural Control and 
Health Monitoring, 25(11), e2248. 

[13] K. Dragos and K. Smarsly, 2017. An embedded 
algorithm for detecting and accommodating syn-
chronization problems in wireless structural health 
monitoring systems. In: Proceedings of the 24th In-
ternational Workshop on Intelligent Computing in 
Engineering. Nottingham, UK.  

[14] E. M. Mthunzi and H. Alsaad, 2019. Monitoring 
strategies for personalized HVAC: A work in pro-
gress report, In Proceedings of the 31th Forum 
Bauinformatik, Berlin, Germany. 

[15] S. Thorsson, F. Lindberg, I. Eliasson, and H. Björn, 
2007. Different methods for estimating the mean ra-
diant temperature in an outdoor urban setting. Inter-
national Journal of Climatology, 27(14):1983-1993. 

 


