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ABSTRACT

Recently, understanding thermal comfort management enabled the scientific community to broaden its research towards smart device set-ups, in order to
further reduce energy consumption and thermal comfort satisfaction. Thus, the need to minimize user interaction and implement prediction functions has
arisen. In this work, the development of a smart thermostat is presented. The procedure is divided into three basic stages: calibration, development of energy
saving and thermal comfort routines, and comparison with a conventional thermostat’s operation. Calibration refers to the thermostat's ability to recognize
the thermal characteristics of the thermal Zone it is installed. For the needs of the calibration, as well as for the operation of the thermostat a simulation
model is required; the degree-hour model, properly adjusted in order to cope with the requirements of the specific application, has been proven as the most
convenient in ferms of simplicity, reliability and effectiveness. Given the validity of the calibration process, a smart thermostat routine was developed, taking
occupancy periods into account and attempting to save energy while ensuring satisfaction of thermal comfort. Operation of the smart thermostat is compared
to that of the conventional analog thermostat. The results verify the potential of the developed thermostat in terms of thermal comfort satisfaction and energy
savings. Future work includes the integration of more parameters into the operation of the thermostat, i.e. humidity and Indoor Air Quality ones, including
CO; concentration for the controlling of fresh air adequacy through a complete air-conditioning system, as well as the testing of its operation under actual

conditions.

INTRODUCTION

Nowadays, scientific community strives to improve personal interior thermal comfort management. According to ASHRAE
55 (ASHRAE, 2017), thermal comfort is defined as “that condition of mind that expresses satisfaction with the thermal
environment”. The relevant literature has investigated a wide range of aspects concerning thermal comfort, involving perception
issues (Wang and Liu 2020; Ciuha et al. 2019; Kisilewicz 2019; Luo et al. 2018; Frontczak and Wargocki 2011; Wong et al. 2005), as
well as its evaluation in buildings of various types and different climatic conditions (Aghniaey et al. 2019; Agiiera et al. 2019; Liu et
al. 2019; Papazoglou et al. 2019; Papadopoulos and Panaras 2019; Rajagopalan and Luther 2019; Fang et al. 2018; Antoniadou and
Papadopoulos 2017; Roshan 2017; Zaki et al. 2017; Revel and Arnesano 2014; Corgnati 2007). Achieving thermal comfort in various
indoor environments, through proper control devices is also an issue of emerging research interest, involving personalized
assessment aspects (Du et al. 2019; Kim et al. 2019; Zhai et al. 2019; Ghahramani et al 2015), as well as Artificial Intelligence and
Internet of Things ones (Ngarambe et al. 2020; Li et al. 2019; Valladares et al. 2019; Yoon and Moon 2019; Moon and Jung 2016).
Concentrating on temperature, the most common device is the thermostat, a component that senses temperature levels and adjusts
the heating/cooling systems, in order to maintain temperature at a desired setpoint. Over the course of time, employing PID
controllers allowed thermostats to function continuously, controlling system energy usage through feedback loop (Nigele et al.
2017). Recently, technological improvement allowed programmable thermostats to replace conventional ones, promising better and
more automated thermal comfort management (Schiuble et al. 2020; Wang et al. 2020; Adhikari et al. 2018; Nigele et al. 2017).
However, according to Combe et al. (2012), most users have difficulty interacting with programmable thermostats that were set up
in houses, resulting in increased domestic energy consumption. As a solution to this problem, smart thermostats are being developed
(e.g. Nest, Ecobee), in order to minimize user interaction, while attaining desired thermal comfort in occupied rooms and saving
energy. Additional energy save can be achieved, taking the variability of electricity cost into account, if it exists (Bin Zhou et al.
2016). The challenge of easy-to-operate products, achieving efficient energy use and acceptable thermal comfort conditions remains
active (Négele et al. 2017). Moreover, advancement in sensor communication allows smart thermostats to control other aspects of
thermal comfort, such as air humidity or speed, Indoor Air Quality (IAQ), and lighting and acoustic levels, namely all factors
involved in Indoor Environmental Quality IEQ) (Dong et al 2019; Schieweck et al. 2018).
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In this paper, the development of a smart thermostat, functioning autonomously and taking personal user preferences into
account will be presented. The thermostat would be able to identify room characteristics using calibration functions, predict indoor
temperature behaviour and achieve thermal comfort during room occupancy periods, while minimizing energy consumption.

2 MATERIALS AND METHODS

2.1 Simulation Models

The operation of the thermostat, namely prediction of the indoor air temperature, requires integration of a simulation model;
this is also the case for testing the thermostat, as for the needs of the specific analysis, a simulation model was used in order to
provide the actual operation conditions of the building through the thermostat operation.

The simple hourly method, provided by EN ISO13790 (ELOT 2008) has been adopted in order to represent the actual indoor
conditions of the building. It is a Resistance-Capacitance (RC) thermal model, calculating, on hourly basis, the temperatute in the
respective thermal nodes; these refer to ventilated air, indoor room air, internal and external wall surface and ambient air, while heat
transfer coefficients of the building elements as well as internal (due to human occupancy or appliances) and external heat gains
constitute the parameters of the energy balance model. The solving of the energy balance set of equations, through Crank-Nicolson
iteration method, allows the calculation of indoor air temperature.

Moreover, a Degree-hour based model (ASHRAE 2017; Treur 2014; Guntermann, 1982) has been adopted as the simulation
component of the thermostat. This model is based on a simplified heat balance equation of a controlled room; more specifically, it
is supposed that inner temperature depends on two types of energy demands, temperature increase energy demand and temperature
maintenance energy demand. As it will be discussed later on, this model has been proven to be the most suitable for the thermostat
operation, due to its simplicity and reliability.

2.2 Thermostat calibration

Calibration of the thermostat refers to the determination of specific coefficients related with the thermal characteristics of the
space to be controlled, thus, allowing the thermostat simulation model to predict indoor air temperature with regard to operation
conditions.

According to the calibration procedure, as implemented by the calibration program, indoor air temperature data, as well as
climatic ones, ate collected by period(s) of deactivated heating/cooling systems. The integrated simulation model of the thermostat
attempts to estimate the indoor temperature, through the use of building thermal characteristics within a defined range of values,
called calibration coefficients. Using the least Sum of Squared Errors (SSE, equation (1)) criterion (error is defined as the difference
between actual and estimated inside temperature during a time step), calibration program saves the best calibration coefficients, of
a single day, as it will be explained in section 3.1.

SSE = Zzn:l(yest,i - Yact,i)z <1)

For the needs of calibration procedure both simulation methods, ISO EN 13790 (ELOT 2008) and Degree-hour model
(Guntermann, 1982) were tested. The ISO EN 13790 model had too many variables to consider, when finding the best ones, leading
to high calibration time; on the other hand, degree hour method was proven to be simpler and faster, but lacked in accuracy. The
latter can be attributed to the fact that it is treating solar gains on a rather indirect manner. In order for its accuracy to be improved,
an additional variable was added, representing solar gains throughout the day. Thus, the equation used by the calibration program
is the following:

ATid(t,t+At) = % [edt —0&r (Tid,t - Tod,t) At + k- hsol,t - At ] @

where AT temperature change (K), id refers to internal conditions, od to outdoor ones, 7 to time, and A7 to time step (h), ed to
energy demand (kWh), o to seasonal correction factor (-), ¢ to the average heat loss coefficient of the studied space (kW/K), C to
thermal capacity of studied space (kWh/K), £ to solar gains coefficient (kW) and A, to normalized daily solar radiation (-).

Concludingly, the calibration program aims to determine the ¢, C, £ values, whose daily estimated room temperature behaviour
converges to the actual one.
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2.3 Reference building

As mentioned in section 2.1, given that the thermostat was not tested on an actual indoor space, the EN ISO 13790 (ELOT
2008) simple hourly method was used as a simulation model, predicting the tested space air temperature with regard to ambient
conditions. The reference building is shown below (Figure 1). It has been assumed that it is located in Kozani, Greece, belonging
to the coldest climatic zone of Greece; that is zone D (TEE 2010a). Building heat transfer characteristics and thermal comfort
temperatures were obtained by the relevant technical Directive for the implementation of the Greek version of the European
Performance Building Directive (EPBD) (TEE 2010a; EU 2018), while ambient temperature and local daily solar radiation levels
by the respective Directive providing the respective climatic data (TEE 2010b).
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Figure 1. Reference building bottom view

Table 1. Building characteristics of the model

Calculated term Value
Hop [W/K] 199.24
Hew [W/K] 42.32

Aq [m2] 145.04
Cm [Wh/K] 6647.7

Where H, refers to heat loss coefficient of opaque elements, H, refers to heat loss coefficient of windows, .4, to the floor
surface and C the heat capacity of the building elements surrounding the studied space.

3 RESULTS

3.1 Calibration

Calibration periods of 24, 12, 8 and 4 hours have been tested; these refer to the implementation of the calibration procedure
for the respective period and determination of the respective coefficients. As discussed in section 2.2, initially the calibration
program calculates the respective calibration coefficients for each day of the year. Following the extraction of the coefficients for
the respective day, it predicts daily temperature values of each day of this season and compares them to the actual ones.

The Root Mean Square Error (RMSE) indicator is used in order to evaluate the convergence of simulated and actual values;
estimated, y., and actual, y.,; temperatures are calculated for each day of the year (equation 1).

RMSE = ’Z{Vﬂ(yast,iﬂ/act,i)z )
N

where N is the data size.
Then, the calibration program calculates the seasonal RMSE of this specific calibration day of the season. The term “season”
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refers to annual basis, if the same calibration coefficients are used for the complete year, semester if the coefficients are used for
semester prediction, and seasonal if coefficients are used for seasonal prediction of indoor temperature. This procedure is repeated
until RMSE of all calibration days of each calibration version is calculated. Results are shown below (Figures 2-5).
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Figure 2. RMSE calculation results, 24-hour calibration (annual, semester and season versions)
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Figure 3. RMSE calculation results, 12-hour calibration (annual, semester and season versions)
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Figure 4. RMSE calculation results, 8-hour calibration (annual, semester and season versions)
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Figure 5. RMSE calculation results, 4-hour calibration (annual, semester and season versions)
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Figure 6. Daily RMSE calculation results, 12-hour calibration, of the best and the worst calibration days. Black dashed lines
indicate the average RMSE of all days in a plot.

As observed in figures 2-5, 12-hour calibration is the most suitable one, because RMSE has the lowest values, compared to
the other calibration set-ups; the 8-hour calibration is the second best. Dividing the calibration period in semesters and then seasons,
proves to positively affect the minimization of RMSE, especially for the case of 12-hour calibration.

Of course, the user will not calibrate the thermostat by each day; for this reason, it would be interesting to investigate the
effect of the best and worst calibration days on the final result, as expressed through RMSE, the worst day is the one that has the
highest RMSE for the respective calibration petriod, while the best calibration day is the one with the lowest RMSE. In figure 6, the
daily RMSE results, for the best and worst days, of annual, semester and seasonal calibration set-ups, 12-hour case, are presented.
Even though the selection of the best day for seasonal version presents the minimum RMSE values, the differences between the
studied cases are not so high. This can be positive, as it would not force the potential user to calibrate the thermostat in strictly

prescribed periods of the yeat.

3.2 Development and evaluation of the smart thermostat

Following its calibration by petiods the heating/cooling system is not operating, the thermostat is able to predict room
temperature behaviour, throughout the complete year. During the heating or cooling system activation period, the thermostat can
use the following equation:

Qi = C* (Tigy — Tiao1) + 0 % € * (Tiq o1 — Toqim1) * At — k % hgoy; * At *4)
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Where Qis the heating/cooling enetgy input of the enetgy system (kWh).

The final stage considers transformation of the thermostat into a smart one; thus, enabling it with the potential to take
decisions regarding the satisfaction of user’s thermal comfort needs, while saving energy. In the presented work, a smart thermostat
routine was developed, that accesses predicted temperature values, taking occupancy periods into account. Then, it calls two
subroutines; the first one (“eco”) attempts to save energy by turning off energy systems earlier than the time the user leaves the
controlled space, while the second one (“preheat”), having the exact information for the time the user will come back, ensures that
by that time, the room will have achieved the desired thermal comfort settings. For winter operation, which is the case studied
following on, this is enabled through preheating the room.

In figure 7, the results of the operation of the “smart” thermostat are presented for a typical winter day; results are compared
to the ones of a conventional device. Occupancy period is set from 10:00 to 20:00. Room is assumed to have wall insulation
acceptable by the Greek version of the EPBD (TEE, 2010a). Table 2 presents the thermal comfort satisfaction percentage and
energy saving for the complete day.

As can be seen in figure 7, both thermostats present the same behaviour, without the integration of the “smart” subroutines.
The “eco” operation allows the thermostat to deactivate energy system (2 hours) earlier, without affecting thermal comfort, while
the integration of “preheat” subroutine is responsible for activating the energy system (3.5 hours) eatlier than the arrival of the user;
as it will be demonstrated by the results of table 2, this has positive effect on thermal comfort, while slightly increasing energy
consumption. The occupants’ thermal comfort is expressed through the thermal comfort satisfaction ratio, namely the fraction of
the time period in which the occupants are in state of thermal comfort to the total time period in which the indoor space is occupied.

Table 2. Conventional vs smart thermostat operation
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Figure 7. Smart vs conventional thermostat 24-h operation

Conventional | Smart Smart (energy Smart (preheat,

save) energy save)
Thermal comfort satisfaction (%o) 72 72 72 100
Energy consumption (kWh) 61.5 62.2 54.2 62.2

Results indicate that the smart thermostat can achieve thermal comfort during the occupancy period, without consuming
excess energy. As noticed from “eco” routine results, it can prioritize energy saving, if needed.

4. CONCLUSIONS

According to the analysis, the proposed thermostat can be installed on a space and calibrated for a specific period of 12-hours;
within this period, energy systems have to be deactivated. Calibration allows the determination of the thermal characteristics of the
controlled space; if it is repeated seasonally, results are improved. Through the integration of proper subroutines for the early
deactivation and activation of energy systems, with regard to the occupants’ scheduled presence, the smart thermostat has proven
to be superior to the conventional one, both in terms of energy saving and thermal comfort satisfaction.

The calibration algorithm could be further improved, in order to help the smart thermostat to be more effective, in terms of
temperature prediction and room behaviour understanding, while increasing the number of calibrations throughout a year tends to
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improve indoor temperature predictability.

Future work should include the testing of the thermostat, on an actual test cell, including its combination with energy systems
opetating on partial heating/cooling loads, and not only complete, as was the case in this work. Integrated thermal comfort concern,
taking into account personalization of users’ preferences, as well as consideration of indicators as the Personal Mean Vote (PMV),
for evaluating thermal comfort, could also be the case.

REFERENCES

Adhikari, R., Pipattanasomporn, M., Rahman, S., 2018. An algorithm for optimal management of aggregated HVAC power
demand using smart thermostats. Applied Energy 2171:166-77

Aghniaey, S., Lawrence, T.M., Sharpton, T.N., Douglass, S.P., Oliver, T., Sutter, M., 2019. Thermal comfort evaluation in
campus classrooms during room temperature adjustment corresponding to demand response. Building and Environment 148:488-97

Agiiera, ].F., Dominguez-Amatrillo, S., Alonso, C., Martin-Consuegra, F., 2019. Thermal comfort and indoor air quality in low-
income housing in Spain: The influence of airtightness and occupant behavior. Energy and Buildings 199:102-14

Antoniadou, P., Papadopoulos, A.M., 2017. Occupants’ thermal comfort: State of the art and the prospects of personalized
assessment in office buildings. Energy and Buildings 153:136-49

ASHRAE, 2017. Fundamentals. Atlanta: ASHRAE.

ASHRAE, 2017. Standard 55-2017: Thermal Environmental Conditions for Human Occupancy. Atlanta.

Ciuha, U., Tobita, K., McDonnell, A.C., Mekjavic, I.B., 2019. The effect of thermal transience on the perception of thermal
comfort. Physiology & Behavior 210:112623

Combe, N., Harrison, D., Craig, S., Young, M., S., 2012. An investigation into usability and exclusivity issues of digital
programmable thermostats. Journal of Engineering Design 23(5): 401-17

Corgnati, S.P., Filippi, M., Viazzo, S., 2007. Perception of the thermal environment in high school and university classrooms:
subjective preferences and thermal comfort. Building and Environment 42(2):951-9

Dong, B., Prakash, V., Feng, F., O’Neill, Z., 2019. A review of smart building sensing system for better indoor environment
control. Energy and Buildings 199:29-46

Du, C,, Li, B,, Liu, H, Ji, Y., Yao, R., Yu, W., 2019. Quantification of personal thermal comfort with localized airflow system
based on sensitivity analysis and classification tree model. Energy and Buildings 194:1-11

ELOT, 2008. ELOT EN ISO E2: Energy performance of buildings - Calculation of energy use for space heating and cooling.
Athens: ELOT

EU, 2010. Directive 2010/31/EU of the European Parliament and of the Council of 19 May 2010 on the energy performance
of buildings. Brussels: EU

Frontczak, M., Wargocki, P., 2011. Literature survey on how different factors influence human comfort in indoor
environments. Building and Environment 46(4): 922-37

Ghahramani, A., Tang, C., Becerik-Gerber, B., 2015. An online learning approach for quantifying personalized thermal
comfort via adaptive stochastic modeling. Building and Environment 92:86-96

Guntermann, A.P.E., 1982. A simplified degree-day method for commercial and industrial buildings, ASHRAE Journal 24:29-
32.

Fang, 7., Zhang, S., Cheng, Y., Fong, A.M.L., Oladokun MO, Lin Z, Wu H, 2018. Field study on adaptive thermal comfort
in typical air conditioned Classrooms. Building and Environment 133:73—82

Kim, J., Schiavon, S., Brager, G., 2018. Personal comfort models — A new paradigm in thermal comfort for occupant-centric
environmental control Building and Environment 132, 114-124

Kisilewicz, T., 2019. On the role of external walls in the reduction of energy demand and the mitigation of human thermal
discomfort. Sustainability 11, 1061

Luo, M., Wang, Z., Ke, K., Cao, B., Zhai, Y., Zhou, X., 2018. Human metabolic rate and thermal comfort in buildings: The
problem and challenge. Building and Environment 131, 44-52

Li, W., Zhang, J., Zhao, T, 2019. Indoor thermal environment optimal control for thermal comfort and energy saving based
on online monitoring of thermal sensation. Energy and Buildings 197:57-67

Liu, J., Yang, X, Jiang, Q., Qiu, J., Liu, Y., 2019. Occupants’ thermal comfort and perceived air quality in natural ventilated

IAQ 2020: Indoor Environmental Quality Performance Approaches 7



© 2021 ASHRAE (www.ashrae.org). For personal use only. Additional reproduction, distribution,
or transmission in either print or digital form is not permitted without ASHRAE's prior written permission.

classrooms during cold days. Building and Environment 158:73-82

Moon, J.W., Jung, S.K., 2016. Development of a thermal control algorithm using artificial neural network models for improved
thermal comfort and energy efficiency in accommodation buildings. Applied Thermal Engineering 103: 1135-44

Nigele, F., Kasper, T., Girod, B., 2017. Turning up the heat on obsolete thermostats: A simulation-based comparison of
intelligent control approaches for residential heating systems. Renewable and Sustainable Energy Reviews 75: 1254-68

Ngarambe, J., Yun, G.Y., Santamouris, M., 2020. The use of artificial intelligence (AI) methods in the prediction of thermal
comfort in buildings: energy implications of Al-based thermal comfort controls. Energy and Buildings 211:109807

Papadopoulos, G., Panaras, G., 2019. Thermal comfort and Indoor Air Quality assessment in university classrooms. JOP
Conference Series Earth and Environmental Science 410:012095.

Papazoglou, E., Moustris, K.P., Nikas K.-S.P., Nastos, P.T., Statharas, J.C., 2019. Assessment of human thermal comfort
perception in a non-airconditioned school building in Athens, Greece. Energy Procedia 157:1343-52

Rajagopalan, P., Luther, M. B., 2013. Thermal and ventilation performance of a naturally ventilated sports hall within an
aquatic centre. Energy and Buildings 58:111-22

Revel, G. M., Arnesano, M., 2014. Measuring overall thermal comfort to balance energy use in sports facilities. Measurement
55:382-393

Roshan, Gh.R., Farrokhzad, M., Attia, S., 2017. Defining thermal comfort boundaries for heating and cooling demand
estimation in Iran's urban settlements. Building and Environment 121:168-89

Schiuble, D., Marian, A., Cremonese, L., 2020. Conditions for a cost-effective application of smart thermostat systems in
residential buildings. Applied Energy 262:114526

Schieweck, A., Uhde, E., Salthammer, T., Salthammer, 1..C., Morawska, L.., Mazaheri, M., Kumar, P., 2018. Smart homes and
the control of indoor air quality. Renewable and Sustainable Energy Reviews 94:705-18

TEE, 2010a. Greek Technical Chamber, 2010. Technical Directive 20701-1: Analytical national requirements for the
parameters entering the calculation of buildings energy performance and the issuing of Energy Certificate. Athens: TEE.

TEE, 2010b. Greek Technical Chamber, 2010. Technical Directive 20701-3: Climatic Data for Greek Areas. Athens: TEE

Treur, 2014. A Computational Analysis of Smart Timing Decisions for Heating Based on an Air-to-Water Heat pump.
Proceedings of the Intenational Conference on Smart Energy Research at the Crossroads of Engineering, Economics and Computer
Science. Smarter Europe. E-world energy & water 2014.

Wang, C., Pattawi, K., Lee, H., 2020. Energy saving impact of occupancy-driven thermostat for residential buildings. Energy
and Buildings 211:109791

Wang, H., Liu L., 2020. Experimental investigation about effect of emotion state on people's thermal comfort. Energy and
Buildings 211:109789

Wong, A.S.W., Li, Y., Yeung, K.-W., 2005. The influence of thermal comfort perception on consumer's preferences to
sportswear. Elsevier Ergonomics Book Series 3:321-8

Yoon, Y.R., Moon, H.J., 2019. Performance based thermal comfort control (PTCC) using deep reinforcement learning for
space cooling. Energy and Buildings 203:109420

Valladares, W., Galindo, M., Gutiérrez, J., Wu, W.-C., Wang, C.-C., 2019. Energy optimization associated with thermal comfort
and indoor air control via a deep reinforcement learning algorithm. Building and Environment 155:105-117

Zaki, S.A., Damiati, S.A., Rijal, H.B., Hagishima, A., Razak, A.A., 2017. Adaptive thermal comfort inuniversity classrooms in
Malaysia and Japan. Building and Environment 122:294-306

Zhai, Y., Miao, F., Yang, L., Zhao, S., Zhang, H., Arens, E., 2019. Using personally controlled air movement to improve
comfort after simulated summer commute. Building and Environment 165:106329

Zhou, B., Li, W., Chan, K.-W., Cao, Y., Kuang, Y., Liu, X., Wang, X., 2016. Swmart home energy management systems: Concept,
configurations, and scheduling strategies. Pergamon Press.

IAQ 2020: Indoor Environmental Quality Performance Approaches 8





