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Abstract

:

Thermostats are widely used in temperature regulation of indoor spaces and have a direct impact on energy use and occupant thermal comfort. Existing guidelines make recommendations for properly selecting set points to reduce energy use, but there is little or no information regarding the actual achieved thermal comfort of the occupants. While dry-bulb air temperature measured at the thermostat location is sometimes a good proxy, there is less understanding of whether thermal comfort targets are actually met. In this direction, we have defined an experimental simulation protocol involving two office buildings; the buildings have contrasting geometrical and construction characteristics, as well as different building services systems for meeting heating and cooling demands. A parametric analysis is performed for combinations of controlled variables and boundary conditions. In all cases, occupant thermal comfort is estimated using the Fanger index, as defined in ISO 7730. The results of the parametric study suggest that simple bounds on the dry-bulb air temperature are not sufficient to ensure comfort, and in many cases, more detailed considerations taking into account building characteristics, as well as the types of building heating and cooling services are required. The implication is that the calculation or estimation of detailed comfort indices, or even the use of personalised comfort models, is key towards a more human-centric approach to building design and operation.
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1. Introduction


In modern buildings, it is very common that Building Automation and Control Systems (BACS) are used to ensure parsimonious energy use and cost-effective building operation. This often happens by tuning BACS parameters (e.g., set points) to exploit the inherent trade-off between energy consumption and thermal comfort, with the latter acting as a constraint defining a theoretical and practical upper bound on potential energy savings [1,2,3,4]. Estimation of thermal comfort is a challenging task given the subjectivity of human perception; this subjectivity is reflected in the statistical nature of comfort models, as well as the plethora of comfort models available. It is conceivable that different ways of estimating thermal comfort will alter the operational constraints [5,6] and can influence design and operational decisions. Over-relaxing comfort, while positive from an energetic perspective, can lead to dissatisfied users and incur indirect costs related to productivity loss [7,8].



Estimation of thermal sensation has been the subject of active research for many years, and the knowledge acquired has been incorporated into national and international standards [9,10,11]. Research on building energy management systems and model-based control [12,13,14,15,16,17] hints at the need for proper comfort estimation; a similar view is shared by the industry [18]. Nevertheless, the use of thermostats for temperature regulation remains the current state of practice in most buildings. The thermostats ensure that temperature is maintained within a band around a target set point (e.g., 22 °C ± 2 °C), with the implicit assumption being that within that range, comfort is guaranteed. In practice, this happens mainly due to increased capital and commissioning costs, since calculating complex thermal sensation indices usually requires the installation of additional sensors.



Changing the set point or increasing the dead band can lead to significant energy savings [4,19,20,21,22], but i is also evident from field experiments in spaces with dry-bulb temperature control that users tend to act upon the controllable elements of a building—such as windows, blinds, lights and thermostats—in response to their feeling of thermal discomfort, with potentially detrimental effects to energy performance [23,24,25]. A significant effort has been undertaken within the IEA-EBC Annex 66 project [26], towards analysing and modelling occupant behaviour in buildings, as well as quantifying the impact of users’ behaviour in actual energy consumption.



A review of the findings of Annex 66 can be found in [27]. There, the DNAS (Drivers, Needs, Actions, Systems) framework is presented, capturing four key aspects in the human-building environment interaction:




	
Drivers: a set of drivers (or events or triggers) comprises the stimulating factors (such as indoor and outdoor conditions, day of the week, building properties, etc.) that provoke energy-influencing occupant behaviour;



	
Needs: needs are the requirements of the occupants that need to be met in order to ensure satisfaction with their environment (e.g., thermal and visual comfort);



	
Actions: actions are interactions of occupants with their environment and controllable systems, as well as activities (e.g., changing clothes, drinking water, etc.) that occupants undertake to satisfy their needs;



	
Systems: this is the set of controllable building elements (e.g., windows, blinds, thermostats, etc.) available to the user to interact with and restore/maintain comfort.








In agreement with the DNAS framework, stochastic models [28] predicting the probability of an occupant control action can be defined and trained using available field data [29,30,31,32], while a different set of models is used to predict the comfort sensation of occupants in individual spaces and adapt building control to an individual’s needs [28,33,34,35].



The work presented here is intricately linked with the user modelling framework described above. More specifically, we investigate one of the main (and rather overlooked) drivers that trigger user actions in buildings, that of oversimplification in the estimation of user comfort. Zone dry-bulb air temperature measurements when used in isolation might not always by suggestive of the actual thermal sensation of the occupants due to all other factors also affecting thermal comfort in building spaces, such as the effect of solar radiation or humidity [9]. In view of this, the effect of solar radiation on thermal comfort has been studied extensively [36,37], while in [38,39,40,41], controllers able to compensate this effect in buildings with Thermally-Activated Building Systems (TABS) were presented. In this paper, we take a wider view on the effect of dominant parameters affecting thermal sensation and suggest that depending on the thermal characteristics of each building, as well as the types of heating and cooling systems, some of these additional factors should be taken into account.



In our study, two buildings have been selected with contrasting thermal and construction characteristics and different systems to meet heating and cooling demands. The buildings were chosen to highlight differences obtained by the use of widely-available room controllers to ensure indoor comfort conditions. In each case, a systematic exploration of the effect of relevant controller parameters and associated boundary conditions has been performed. The resulting thermal comfort levels are evaluated using Fanger’s thermal comfort index [42]. To ensure the same boundary conditions in all of the experiments and to avoid disturbances from uncontrollable influencing factors, such as occupant’s actions or inaccurate sensor measurements, simulation-based experiments were performed. The findings of the present work support our hypothesis and provide valuable insights, on thermal comfort inefficiencies due to improper regulation, and translate to conclusions that apply in real buildings.



Section 2 provides an overview of the standards defining thermal sensation comfort in buildings; Section 3 describes the methodology and the experimental set-up; Section 4 presents the results of the study; Section 5 concludes with some broader observations.




2. Thermal Comfort Evaluation in Buildings


A wide range of methodologies for indoor thermal comfort estimation exist: from simple dry-bulb temperature-tracking [2,43] to more elaborate indices [42,44,45]. The most widely-accepted models, as evidenced by their adoption in indoor climate thermal comfort standards, are: (i) Fanger’s Predictive Mean Vote (PMV) model [42] used in the International Organization for Standardization (ISO 7730) [9] and the American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE 55) [11] standards; (ii) the Adaptive Comfort Model of the ASHRAE Standard 55-2010 [11]; and (iii) the Adaptive Comfort Model of the European Standard EN 15251 [10].



These methodologies can be put into two broad categories: (i) human body heat balance approaches [42,44,45]; and (ii) thermal adaptation approaches [10,11]. The first category applies to buildings with mechanical Heating, Ventilation and Air Conditioning (HVAC) systems where the building occupants are allowed to control the internal environment to desired levels of air temperature, while the second category applies to naturally-ventilated buildings.



Fanger’s Predicted Mean Vote Model


Fanger’s Predicted Mean Vote (PMV) model is based on human body heat-balance considerations. Taking into account that thermal sensation is influenced by environmental (air temperature, radiant temperature, humidity and air velocity) and personal factors (activity and clothing), the PMV index predicts the thermal comfort on a seven-point sensation scale (−3 cold, −2 cool, −1 slightly cool, 0 neutral, +1 slightly warm, +2 warm and +3 hot). The Fanger Predicted Percentage of Dissatisfied (PPD) people index, derived from the PMV index, predicts the percentage of a large group of people likely to be thermally (dis-)satisfied with their environment.



Precise quantification of personal factors is a challenging task, due to the difficulty associated with making robust measurements. Instead, metabolic rate estimation methods and predefined clothing insulation values are used. Methods for metabolic rate estimation are divided into four levels in ascending order of accuracy [46]. At Levels 1 (screening) and 2 (observation), look-up tables are used to estimate metabolic rates for various occupation and activity types. At Level 3 (analysis), the metabolic rate is estimated using an empirical correlation to the total heart rate. The total heart rate is the sum of the heart rate at rest and its increase under specified conditions. When the total heart rate is known, a linear relationship can be established between the two parameters. At Level 4 (expertise), the metabolic rate is determined by measuring oxygen consumption and carbon dioxide production rates. Level 3 and 4 methods require measurements that might be hard to collect, and the improvement in accuracy (±20% error for Level 2 vs. ±5% error for Level 4) does not significantly impact the results of our study as a simple sensitivity analysis might show.



The role of clothing as an insulating material is captured by the thermal resistance and typically measured in units of clo. In many applications, constant values of 0.5 clo are used during the cooling season and 1.0 clo during the heating season. To account for the fact that humans adjust their clothing based on prevailing conditions, three predictive clothing insulation models are proposed in ASHRAE 55-2013 [47]; in all of these models, the clothing insulation varies as a function of outdoor air temperature measured early in the morning (at 6:00) and the indoor operative temperature.



Concerning environmental factors, air temperature, humidity and air velocity are relatively easy to measure, and low-cost sensors are readily available and installed in many buildings. Radiant temperature measurements are not frequently performed, except in experimental buildings (both buildings in our study are equipped with such sensors). In cases where sensed measurements of radiant temperature are missing, two methods are commonly used to estimate radiant temperature: the space averaged radiant temperature, calculated assuming that the occupant is at the centre of a space; and the angle-factor radiant temperature, calculated based on angle factors between a person’s location and the different surfaces of a space. As can be inferred from the discussion above, the evaluation of the PMV index is not easy, since many of the parameters have to be estimated or require sensing modalities that may not be available. For this reason, both ASHRAE 55 and ISO 7730 introduce simplified calculation methodologies to define acceptable limits for thermal comfort.



In ISO 7730, the simplification is based on an operative temperature of 24.5 °C in summer and 22.0 °C in winter. These recommendations correspond to zero values of the PMV index, under standard assumptions on the metabolic rate (1.2 met, corresponding to sedentary activity), clothing level (0.5 clo in summer and 1 clo in winter), relative humidity (60% in summer and 40% in winter) and air velocity (as in Table 1). Three different comfort categories are introduced in ISO 7730 with varying ranges, corresponding to varying percentages of the PPD index: (i) Category A is recommended for buildings occupied by people with special thermal comfort requirements (e.g., very young children, the elderly); (ii) Category B is suitable for most new buildings and renovations; and (iii) Category C is suitable for existing, less energy-efficient buildings.



In ASHRAE 55, acceptable ranges of operative temperature (defined as the average of radiant and dry-bulb air temperature) and the humidity ratio are defined. In Figure 1, comfort ranges (shaded polygons) are illustrated for heating season (clothing value = 1.0 clo) and cooling season (clothing value = 0.5 clo), for occupants under light activity (1.2 met). The limits for each season are defined for a value of PPD = 10% (corresponding to −0.5 ≤ PMV ≤ 0.5), where 10% of the users are expected to express discomfort with their environment. The discomfort levels approach a PPD = 10% level near the edges of the polygons and approximate a value of PPD = 5% (or PMV = 0) as we move towards the centre of the shaded areas. We can move to the right of the diagram by heating a space, to the left by cooling it, upwards by humidifying a space and downwards by dehumidifying it.





3. Methodology


In current practice, the operative temperature values defined in the ISO 7730 comfort limits (Table 1) are used as reference values for programming room thermostats, with the difference that the measured temperature is usually not the operative temperature, but rather the dry-bulb air temperature. This practice is based on two assumptions: (i) the values of air and operative temperatures in each building space are (more or less) identical; and (ii) maintaining the operative temperature within some predefined bounds throughout occupied periods suffices to ensure thermal comfort for the occupants, since usually, still-air internal environments with moderate humidity levels are assumed.



Both of these assumptions are not without issues. First, the assumption that air temperature can be a proxy for operative temperature is true only if the radiant temperature that is linked to building surfaces temperatures is not too different. This is very frequently the case in buildings with TABS systems; in this case, local discomfort can be minimized and an almost uniform vertical temperature distribution can be achieved that matches the ideal comfort temperature profile. Even in this case, solar and internal gains can lead to discrepancies between radiant and air temperature. Second, the assumption of pre-defined and static bounds for the operative temperature alone suggests that this is the dominant factor, but neglecting other personal (clo value) and environmental (humidity) factors can be pernicious.



The experiments presented in the next section aim at quantifying the divergence from the designed thermal comfort levels for buildings controlled by simple thermostats, developed and applied based on the aforementioned assumptions. For our hypothesis testing, two buildings have been selected with significant differences in terms of construction and building services systems: the Technical Services Building of Technical University of Crete (TUC) building in Chania, Greece; and the “Zentrum für Umweltbewusstes Bauen” (ZUB) office building in Kassel, Germany. The TUC building has a light-weight construction, low levels of insulation and relatively poor air tightness; while arguably not the best building from an energetic or comfort perspective, it can be considered as an archetype of many buildings in South Europe. The ZUB building has a very high thermal mass, exceptional levels of insulation, good airtightness and exemplifies a high-performance low-energy building built to passive house standards.



We have intentionally selected two buildings that represent the two “extrema” of the spectrum regarding their thermal characteristics. This will allow us to quantify the significance of thermal mass in the air/operative temperature mismatch (and in maintaining comfortable interiors in general). Our research findings could be generalized for all of the building types in between.



3.1. Simulation Model of the TUC Building


The TUC building is located in a thinly-built-up area on the outskirts of Chania, Greece. The building is a two-storey office building with a basement and a total surface area of 450 m2. It has a north-northwest orientation with large openings and an atrium. The region is characterized by long hot summers, cold humid winters and long periods of sunlight during the year, typical of a Mediterranean climate. A simulation model of the building has been created using EnergyPlus as the simulation engine [49]. A detailed geometric model was created using the floor plans and on-site measurements to capture the as-built condition of the building. To account for shading from nearby buildings, shading surfaces of neighbouring buildings were introduced. Furthermore, based on the building construction data, templates were created for each of the walls (internal partitions, external walls, roof, etc.) detailing thermal characteristics. The OpenStudio plugin (v1.4.2) for SketchUp (Figure 2) was used to generate the first version of the EnergyPlus Input Data File (IDF).



These files were further edited to include systems and other relevant simulation parameters. Heating is achieved through a central system using an oil boiler and hot water radiators in each room, while a Packaged Terminal Heat Pump (PTHP) unit is installed in each office for cooling, with detailed modelling of both systems in EnergyPlus. Heat gains due to infiltration and ventilation can be significant, and as such, a detailed modelling of the infiltration/ventilation was performed using EnergyPlus Airflow Network [50], enabling the multi-zone airflow calculation driven by outdoor wind and forced air (due to HVAC systems’ operation). To correctly account for internal gains due to occupant presence and their thermal sensation, activity data have been collected for the building and imported in the model. The types of data imported include occupant density (people/m2) in each zone, metabolic rates for office activities and occupants’ clothing insulation. Computer and equipment gains have also been introduced for each zone of the building, as well as lighting data (type of lights, energy requirement, visible and radiant fractions).



Towards increasing the indoor relative humidity estimation’s accuracy, the Effective Capacitance (EC) model has been adopted in the thermal simulation model, estimating the moisture absorption into the materials, often neglected by building thermal simulation models [51]; here, a moisture capacitance multiplier equal to 15 was used to combine this term with the zone air [51].



The TUC building is well monitored both for energy use, but also for indoor air parameters, including dry-bulb temperature, humidity and radiant temperature sensors in all rooms. Although our methodology is based on a simulation for the reasons explained above, these data have been used to validate the model and ensure it captures the building performance both from an energetic performance, but also from an indoor thermal comfort perspective. More details on the simulation model details and its validation can be found in [17,52].




3.2. Simulation Model of the ZUB Building


The ZUB building (Figure 3a) is a low-energy office building, characterized by high thermal mass, good airtightness and a south-facing facade with a high (62%) glazing ratio. It is a well-insulated building, with the U-value of the exterior walls equal to 0.11 W/m2K and triple-glazed windows with a U-value of 0.6 W/m2K.



The building is equipped with a radiant surface heating system with heat supplied in each of the office spaces via thermally-activated floors. The building is connected to a district heating network, and the supply water temperature is regulated based on the average outside temperature during the last 24 hours. A mechanical ventilation system with heat recovery has been installed; fresh air is heated and supplied to the office rooms, while exhaust air is extracted from the atrium and passed through the heat recovery unit.



The simulation model of the ZUB building was developed using the TRNSYS 17 [53] whole-building simulation tool. The building exhibits periodicity, and a simplified three-office tower model is able to capture all relevant dynamics as described in more detail in [54] and shown in Figure 3c. The tower model (Figure 3b) consists of three offices (25 m2 each) and an adjacent atrium. Here, the east and west walls of the building are modelled as heavy-weight external walls with a total thickness of 0.5 m and a U-value of 0.113 W/m2K, with the same construction also used for the side walls of the atrium. An identical occupancy schedule is assumed for all 3 offices of the tower model from Monday–Friday. The offices are occupied with 2 persons each from 9:00–12:30 and from 13:15–17:30, while the internal gains are set according to the Verein Deutscher Ingenieure (VDI) 2078 (Class 1 at 23 °C) [55].



It should be noted that the TUC model was developed in EnergyPlus, whereas the ZUB model was developed in TRNSYS. The actual choice of tool is not important and was dictated by specific requirements of a research project; see the Acknowledgements section. Both EnergyPlus and TRNSYS are whole-building simulation tools, and while differences exist in the modelling approach taken, both have been validated under standard validation procedures [56,57]. What is more important is that both buildings, being research buildings, are well instrumented (including radiant temperature sensors); and the sensor data acquired from the available building management system have been used to validate the two models to the same exacting detail. As such, we are confident that these models properly capture the actual buildings’ behaviour and do not introduce unwanted artefacts.





4. Results and Analysis


Summer and winter operation simulation experiments were performed for the TUC building. In each mode, two numerical experiments were performed: one assuming a thermostat that regulates heating or cooling based on dry-bulb air temperature measurements, representing current practices; and one based on operative temperature control. In winter operation, heating is delivered to the spaces using radiators, whereas in summer operation, cooling is delivered by the PTHP units in each office. These experiments provide some insights to the first assumption in Section 3, namely quantifying the impact on thermal comfort when air temperature is used as a proxy. Furthermore, the discussion contributes to the development of some understanding of the effect that different types of systems (radiant or air-based) have on thermal comfort.



In the case of the ZUB building, only winter experiments were performed; in summer, the building is naturally ventilated, and set-point control is not relevant. Heating is delivered using the TABS system, which can be independently controlled in each office; a ventilation system is serving all offices, maintaining acceptable indoor air quality. This allows us to evaluate the effect of internal and solar gains on the comfort conditions in the offices.



For both buildings, the Fanger PPD index is utilized to evaluate the thermal comfort levels, with the values of the Fanger index at each time step of the simulation being a simulation output for both EnergyPlus and TRNSYS simulation engines. Even though according to ISO 7730, both buildings should belong to Class C (see Table 1), as they are existing buildings, the thermal properties of the ZUB building allow reaching Class A comfort levels, at least in the simulation, where the internal gains and occupant behaviour are deterministic. This means that for the experiments below, we define a 15% Fanger PDD limit for the TUC building and a 6% Fanger PPD limit for the ZUB building.



For all of the experiments both in the TUC and ZUB building, we have selected to operate the heating system continuously during night and day. This is due to the simple structure of the controllers applied, which can lead to poor tracking of the temperatures when switching to different comfort bounds during the transition between unoccupied to occupied periods, due to the inability to incorporate weather and occupancy predictions [58].



In the remaining part of this section, the results from all of the experiments for the TUC and ZUB building are illustrated.



4.1. TUC Building


For the summer experiments, the period between 1 July and 16 July was examined, using a Meteonorm weather file [59] for the simulation. This period is characterized by hot days, with the average temperature at 26.9 °C, the minimum temperature at 20.4 °C and the maximum temperature at 35 °C. The blinds and the windows of the building are considered always closed, and the operative/air thermostat temperature set-point (controlling the PTHP units in each office) is set at 24.5 °C for the entire simulation period (day-night), following the mean operative temperature shown in Table 1 for summer.



For the winter experiments, the period between 1 January and 16 January was selected using the same weather file. Here, we have some sunny days, with the average temperature at 11.9 °C, the minimum temperature at 5.6 °C and the maximum temperature at 17 °C. The windows in all offices are considered closed, but the blinds are always open to exploit the solar gains for heating. The operative/air temperature set-point (controlling the radiators in each office) is set at 22 °C for the entire simulation period (day-night), again according to the mean operative temperature provided in ISO 7730 (Table 1) for winter.



The results of Offices 04 and 08 are presented in the ensuing discussion. The two offices selected are representative of the thermal behaviour of other offices in the building: Office 04 is south-facing and receives high solar gains both during summer and winter, while Office 08 is north-facing, is more exposed to wind and receives the least amount of solar gains of all offices.



Starting with the summer experiments, Figure 4 illustrates the results for Office 08 using the air temperature thermostat control, where it is obvious that the selected control strategy manages to maintain comfort at acceptable limits, as indicated by the Fanger PPD values. Note that the operative temperature is higher compared to the air temperature, as expected, due to the lightweight construction of the building and the type of HVAC system (air and not radiant system): here, the air system cools the zone air, but the radiant temperature remains higher, leading to higher operative temperatures.



Figure 5 shows the results from the same experiment for Office 04. Similar behaviour with respect to both comfort levels and the incompatibility of air and operative temperatures as with Office 08 is observed, but in this case, the operative temperature values exhibit higher variability, fluctuating between day and night, due to the significantly higher solar gains that Office 04 receives compared to Office 08.



For operative temperature control in the summer experiments, where the thermostat control mode has been modified properly to enable operative, instead of air, temperature control (set-point values refer to the desired operative temperatures), the results for Office 08 are shown in Figure 6. It is obvious that the operative temperature is still higher compared to the air temperature, but also attains lower values compared to the results of the air temperature control shown before (Figure 4). Here, the Fanger PPD values lay on the upper comfort bound due to over-cooling.



Controlling the operative instead of air temperature leads to similar results for Office 04, as well (Figure 7), where the control strategy is characterized by higher discomfort than before (Figure 5), again due to over-cooling.



The fact that even though the operative temperature in both offices is set equal to the design temperature suggested in the ISO 7730 (shown in Table 1), this leads to over-cooling should not come as a surprise. The acceptable temperature and comfort bands in the ISO example tables have been calculated under specific assumptions for all other influencing factors, namely the clo value, metabolic rate and relative humidity levels (constant at 60%). For the experiments presented here, although personal factors are defined according to similar assumptions, the relative humidity levels are not constant, but dynamically calculated by the EnergyPlus simulation engine, resulting to relative humidity values between 40% and 48% approximately for the entire simulation period. These values are substantially lower compared to the relative humidity level assumed in Table 1. Here, higher values of the PPD index are due to the fact that the Fanger comfort model takes into account the heat loss by evaporation of sweat from the human body’s skin; due to sweating effects, when the relative humidity gets higher, occupant thermal sensation is expected to be hotter than the actual temperature.



Towards further investigating the impact of relative humidity on the desired operative temperature for thermal comfort, we use the psychometric chart of Figure 1 as a guideline. Here, taking into account the shaded polygon corresponding to the cooling season (clo = 0.5), we can see that for lower relative humidity values, operative temperature values higher than 24.5 °C are required in order to move closer to the centre of the polygon. Thus, we perform another experiment using 25.5 °C as the set-point to the operative temperature thermostat. Results shown in Figure 8 and Figure 9 highlight the better comfort levels for both offices, a fact that indicates that taking into account the humidity levels in a building when designing the respective operative temperature comfort bounds is crucial for capturing the actual thermal comfort profile of the specific building.



For the winter experiments, Figure 10 illustrates the results obtained for Office 08, where Fanger PPD values are within the acceptable limit for this type of building most of the time. Note here that the operative temperature is lower compared to the air temperature throughout the simulation period. This is expected, since even though the HVAC system is based on radiant heating (radiators) and a part of the heating energy is absorbed by the walls, the lightweight construction and the poor insulation of the building lead to lower wall temperatures (thus lower radiant temperature) compared to the air temperature of the zone. The relative humidity in the office varies from 30%–50% depending on the external conditions, thus affecting the comfort as with the summer experiments, with this effect being more obvious in the first two days of the experiment, where the relative humidity is around 30%.



Office 04 results for the same experiment are shown in Figure 11, leading to the same conclusions: Fanger PPD values remain within acceptable limits for most of the time, while the air temperature is higher compared to the operative temperature. On the other hand, we can notice some spikes on both air and operative temperatures, which are due to the high solar gains office 04 is exposed to (unlike office 08) on days with clear sky. Note that for the first two days of the experiment, relative humidity is around 30%, thus leading to increased discomfort as in the case of office 08 above.



As with the summer set of evaluations, the same experiments are conducted controlling the operative temperature instead of the zone air temperature. Here, as illustrated in Figure 12 for Office 08, the air temperature is higher than the operative temperature as with the air temperature thermostat control, but both naturally acquire higher values compared to the previous experiment for the same office (Figure 10), which leads to more comfortable interior conditions as indicated by the Fanger PPD levels.



The same comfort improvement due to the increased values of operative temperature is also observed in Office 04 results (Figure 13). Of course, as with the previous winter experiment controlling the air temperature in the same office (Figure 11), both operative and air temperatures show periodic increments due to the high solar gains on less cloudy days.



The results from these experiments confirm our initial hypotheses: (i) controlling the air temperature does not provide a structured method for controlling the operative temperature; and (ii) the suggested operative temperature comfort band calculated in ISO 7730 for a fixed clo value, metabolic rate and relative humidity levels needs to be adapted to the particularities of each target building.



In order to provide a clear illustration of the difference in the thermal comfort conditions between air and operative temperature control in the TUC building, a parametric study for the same summer and winter days as before and with different air and operative temperature set-points has been performed. The impact on comfort is evaluated using both the percentage of comfort violations and the average Fanger PPD values in the entire experimental period. For the latter, the standard deviation of the Fanger PPD values is also presented to provide an estimate of the variability of the comfort levels throughout the experiment. The results for all cases are shown in Figure 14 and Figure 15 for Offices 04 and 08 as before and for summer and winter, respectively.



For the summer study, the inequivalence of the two control strategies (air over operative temperature) is apparent, since for the air temperature control, all set-points between 24 °C and 26 °C lead to comfortable interiors for both offices, while for the operative temperature, this interval is shifted between 25 °C and 27 °C.



The same conclusion is derived from the winter results, since here, the best air temperature set-point is 25 °C, while it is 24 °C for the operative temperature. Apart from this, another interesting observation here is the high variability of the Fanger PPD values (as indicated by the high standard deviation) due to the internal occupant and equipment gains and, mostly for Office 04, the solar gains throughout the entire simulation period, as well as the slow dynamics of the heating system (radiators).



Concluding with the experiments conducted in the TUC building, we have been able to confirm the inability of widely-used air temperature control methodologies to provide a structured and systematic way of representing and controlling thermal comfort in buildings, as well as the necessity to constantly adapt thermal comfort constraints based on the actual environmental (humidity) and personal (e.g., clo value) influencing factors, rather than myopically adopting the (calculated under steady-state conditions) operative temperature constraints in the example tables included in ISO 7730.




4.2. ZUB Building


In the ZUB building, only winter experiments are performed using air temperature thermostat control. The period between 25 January and 4 February is selected, while a Meteonorm weather file [59] is used. In this period, we have some days with clear sky, with the average temperature at 3.3 °C, the minimum temperature at −5.4 °C and the maximum temperature at 9.3 °C.



In contrast to the experiments conducted in the TUC building, the ZUB building is intended to serve as a test bed complying with the assumptions leading to Table 1 of ISO 7730. In this direction, an ideal ventilation system with a fixed airflow of 50% relative humidity has been implemented in all offices and the atrium. In order to not affect the room temperature and the energy balance, the ventilated air (with an air-change rate of 0.7 1/h) has the same temperature as the respective room temperature. In reality, the building is not equipped with a de-/humidification system, so this approach is a theoretic workaround to obtain the desired humidity levels. In the same direction, although an airflow model (TRNFlow) of the building is available, it is disabled for this study to limit the disturbances affecting comfort. Instead, an infiltration rate of 0.1 1/h has been set for all offices due to cracks and openings in the building. Finally, the same clo value assumed in ISO 7730 has been defined in all experiments.



Here, a simple control approach was chosen. Each room has an on/off differential controller, which is acting as a thermostat. The controller tries to maintain a user-defined set temperature within a certain dead band (±1 °C) by switching the TABS-mass flow on or off. An internal hysteresis is used to prevent oscillation, while the hot water sending temperature in this case depends on the mean ambient temperature over the last 24 h through a heating curve defined for the building [60].



In these experiments, windows are considered always closed, while the blinds are activated when the total radiation on the main facade rises above 500 W/m2, and they are deactivated when it falls below 300 W/m2. Here, closed blinds result in a reduction of the solar radiation in an office by 70%. The air temperature thermostat set-point is set at 21 °C (lower limit for Class A buildings according to ISO 7730; see Table 1), implemented using the controller described above.



For the ZUB building, two sets of air temperature control experiments are conducted, with the results shown in Figure 16, only for Office 107. The first setting forces the blinds always closed and no internal gains in order to ensure steady-state operation of the TABS, while the second includes internal gains and uses the default blinds control strategy of the building as described earlier. For both cases, the air and operative temperatures coincide, due to the dynamics of the system and the heavy construction and insulation of the building. On the other hand, Figure 16b reveals the well-known overheating problem of buildings equipped with TABS due to internal and solar gains [39,61], indicating the utilization of solutions facilitating weather and occupancy forecasts [2,16,39] as an attractive option for control.





5. Conclusions


In the present work, an investigation on the ability of room thermostats to ensure comfortable building interiors has been performed. The wide use of such controllers is mainly based on two assumptions: (i) that the operative temperature limits for comfortable interiors defined in ISO 7730 suffice to ensure user thermal comfort; and (ii) that air and operative temperatures of building interiors coincide.



Regarding the first assumption, simulation results for an existing building in Crete indicate that neglecting other parameters influencing thermal sensation and designing controllers based on the indicative operative temperature limits of ISO 7730 can lead to invalid thermal sensation estimates. More importantly, the necessity for controlling (or at least accounting for) the humidity in building spaces has proven a crucial ingredient towards accurate estimation of thermal sensation and, thus, towards efficient control of building indoor climate.



For the second assumption, experimental validation on the same building revealed an appreciable mismatch between indoor air and operative temperatures for both summer and winter tests, due to the dynamics of the HVAC system in each case (radiators for heating and PTHP for cooling season) and the construction and thermal properties of the building. On the other hand, we observed similar air and operative temperature values on a heavy construction building equipped with TABS leading to the conclusion that for specific construction and HVAC system dynamics, the air temperature measurements provide an accurate enough estimation of the operative temperature. Here, we can generalize that for buildings with high thermal mass, this assumption holds, if proper care is taken to account for solar and internal gains in the control strategy, while as we move to buildings with lower thermal mass, there can be a considerable mismatch between air and operative temperatures in building spaces.



In connection with studies that model the user behaviour in buildings, the work presented here indicates that in many cases, the users interact with the controllable building elements in order to restore comfortable interiors, due to the wrong estimation of thermal comfort in their spaces. This suggests that the ability to calculate comfort indices such as Fanger, or even the ability to build personalized comfort models for the building occupants [62,63,64,65,66] can enable a more comfort-aware and user-centric building design and operation. Here, building designers and energy modellers can estimate more accurately the future energy consumption of a building, by taking into account the energy required to ensure comfortable interiors (through proper control actions), instead of using fixed temperature set-points throughout yearly simulations. In a similar manner, the realization from building operators that thermal comfort is not synonymous with pre-defined indoor air temperature bounds can enable them to control the buildings in a more thermal comfort-aware manner, thus minimizing user requests for adaptation of their local environment and leading to increased productivity. To this end, in buildings where proper sensor installation for calculating comfort indices like Fanger is missing, a simulation model of the building (or of specific building spaces) can be utilized as a virtual sensor, providing accurate thermal comfort estimations through, e.g., simulation-based Fanger calculation [67].



Finally, compared to existing standards, the DNAS (Drivers, Needs, Actions, Systems) framework (developed within IEA Annex 66) is meant to highlight a way forward, as it captures the subjectivity of user actions and highlights something that is now beginning to emerge and be understood: user actions are subjective and influenced by specific drivers. As demonstrated in various studies outside the domain of human comfort in buildings (which involved engineers, but also anthropologists and psychologists), users exhibit an ordinal set of preferences with respect to the various actions they have to takes and make decisions based on specific drivers. Establishing such an ordinal relationship can be key to user modelling. This is different from the accepted notion that a simple statistical index might act as a universal approximator of comfort sensation. Furthermore the fallacy of the assumption that comfort can be estimated simply by a single point measurement (typically dry bulb temperature), highlighted in this paper, partly explains the irrationality of the current state of practice with respect to building control. Towards shaping a new generation of standards, the DNAS framework (developed within IEA Annex 66) and the implicit assumption of ordinal preference learning should be key considerations underpinning the development of such standards.
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Figure 1. Acceptable range of operative temperature and humidity ratio based on ASHRAE Standard 55 [11]. The chart was created using the Center for the Built Environment (CBE) Thermal Comfort Tool [48]. clo, clothing value. 
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Figure 2. The TUC building. (a) TUC building designed with Open Studio plugin; (b) ground floor plan view; and (c) first floor plan view. 
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Figure 3. ZUB building and simplified tower model views: (a) External view of the ZUB building; (b) full-scale simulation model of the ZUB building; and (c) southeast view of the tower model with external shading groups. 
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Figure 4. Summer results for Office 08 using the air temperature thermostat set at 24.5 °C. 
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Figure 5. Summer results for Office 04 using the air temperature thermostat set at 24.5 °C. 
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Figure 6. Summer results for Office 08 using the operative temperature thermostat set at 24.5 °C. 
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Figure 7. Summer results for Office 04 using the operative temperature thermostat set at 24.5 °C. 
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Figure 8. Summer results for Office 08 using the operative temperature thermostat set at 25.5 °C. 
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Figure 9. Summer results for Office 04 using the operative temperature thermostat set at 25.5 °C. 
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Figure 10. Winter results for Office 08 using the air temperature thermostat set at 22 °C. 
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Figure 11. Winter results for office 04 using air temperature thermostat set at 22 °C. 
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Figure 12. Winter results for Office 08 using the operative temperature thermostat set at 22 °C. 
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Figure 13. Winter results for Office 04 using operative temperature thermostat set at 22 °C. 
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Figure 14. Summer experiments with different set-points. (a) User comfort evaluation for different air temperature set-points for the summer period; and (b) user comfort evaluation for different operative temperature set-points for the summer period. 
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Figure 15. Winter experiments with different set-points. (a) User comfort evaluation for different air temperature set-points for the winter period; and (b) user comfort evaluation for different operative temperature set-points for the winter period. 
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Figure 16. Results for Office 107 of the ZUB building: (a) Results for Office 107 using the air temperature thermostat set at 22 °C, blinds always closed and no internal gains; and (b) results for Office 107 using the air temperature thermostat set at 22 °C. 
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Table 1. Acceptable operative temperature and operative temperature band for thermal comfort in office buildings based on ISO 7730 [9]. PPD, Predicted Percentage of Dissatisfied people; PMV, Predictive Mean Vote.






Table 1. Acceptable operative temperature and operative temperature band for thermal comfort in office buildings based on ISO 7730 [9]. PPD, Predicted Percentage of Dissatisfied people; PMV, Predictive Mean Vote.





	
Category

	
Thermal Comfort Indices

	
Operative Temperature (°C)

	
Max Air Velocity (m/s)




	
PPD (%)

	
PMV

	
Summer

	
Winter

	
Summer

	
Winter






	
A

	
≤6

	
[−0.2, +0.2]

	
24.5 ± 1.0

	
22.0 ± 1.0

	
0.12

	
0.10




	
B

	
≤10

	
[−0.5, +0.5]

	
24.5 ± 1.5

	
22.0 ± 2.0

	
0.19

	
0.16




	
C

	
≤15

	
[−0.7, +0.7]

	
24.5 ± 2.5

	
22.0 ± 3.0

	
0.24

	
0.21
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