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Abstract

:

Against the background of climate protection and the rising costs of a fossil-fuel-based energy supply, the interest in the energy performance and indoor climate of buildings in real operation is rising. This paper, therefore, deals with the indoor climate investigation of two medium-sized office buildings in Germany by taking measurements over a whole year. These relate to one new building and one refurbished building. Sensors of various types were installed and operated in a large number of office rooms, so that in total results are available for over 100 rooms, typically occupied by one or two persons. The analysis focuses on the indoor temperature in summer and the air quality in winter based on the CO2 concentration. The comfort classes according to DIN EN 16798 including the adaptive comfort approach are used as a basis to cluster the results. Both buildings have movable sun protection and openable windows but no facilities for active cooling. They, thus, represent a large number of existing ‘low tech’ office buildings in Germany and central Europe. The results reflect the respective building concepts but also show a wide range between the rooms due to the user preferences and behaviour. The refurbished building shows better results, especially in terms of air quality but also in terms of summer room temperatures. This underlines the benefit of the targeted measures as a result of an analysis of the deficits in the existing building before the refurbishment. The additional measures for decentralised mechanical ventilation and passive cooling are having positive effects. As part of the projects, further measures to improve the indoor climate were investigated in both buildings. In one case, this involved CO2 traffic lights to stimulate personal window ventilation in winter, and in the other, the use of newly developed individual ceiling fans supports convective heat dissipation on the human body during hot spells in summer. The positive effect could be demonstrated for both measures.
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1. Introduction


Against the background of climate protection and the rising costs of a fossil fuel-based energy supply, the interest in the energy performance and indoor climate of buildings in real operation is rising. Namely, the ‘performance gap’ is defined as the difference between measured performance and predictions becomes a focus [1]. The recent draft of the recast of the Energy Performance of Buildings Directive of the European Commission highlights the need for energy consumption and air quality monitoring to address this topic on a broader scale [2]. National and regional initiatives postulate a duty for monitoring [3] and define monitoring as a precondition for funding [4]. A rising number of companies offer suitable platforms and field monitoring services to building owners, mainly those in the commercial sector owning a large building portfolio with high energy consumption.



Monitoring indoor climate has become an issue namely for residential buildings in the context of increased air tightness of buildings in heating dominated countries [5]. Here, the focus lies on ensuring sufficient ventilation to avoid moisture damage and a concentration of air pollutants during the heating season. Monitoring indoor climate in office buildings has its background in legal obligations for providing healthy working environments (e.g., minimum and maximum temperatures) on the one hand, and the monetary interest of an employer to profit from high productivity by a stimulating working environment without thermal stress and insufficient air quality on the other [6]. Monitoring the indoor climate is a precondition to interpret the energy consumption data of a building correctly [7,8,9].



The predicted climate change with rising global temperatures and the increasing number of hot summers in central Europe over the last 20 years have created great interest in monitoring summer thermal comfort in buildings, namely in those countries typically not applying air condition in offices as standard in their building stock, including in new buildings [10]. Ambient temperatures are increasing and at the same time people’s expectations regarding thermal comfort in offices are rising, e.g., due to the area-wide introduction of air conditioning in private and public transport and retrofitting of air conditioning in private homes. A large number of existing office buildings do not have efficient shading (external blinds, overhangs, solar control glass, etc.). Moveable blinds are in many cases not part of building automation systems or the automation is inactive due to conflicts with user preferences for undisturbed visual contact to the ambient [11]. When people manually close blinds due to rising indoor temperatures it is typically too late to avoid overheating. Passive cooling by night ventilation is often not implemented as conflicts concerning weather protection and security increase the investment costs. The potential of passive cooling by night ventilation drastically decreases, when nocturnal outdoor temperatures do not drop below 20 °C (tropical nights, [10]). Due to the decreasing temperature differences between indoor and outdoor, suitable airflow rates drastically have to be increased.



From this background, the paper addresses indoor comfort monitoring in two typical, medium-sized office buildings in Germany that do not have air conditioning. One building is new; one is a refurbishment. To avoid anomalous results mainly based on individual room usage and user behaviour, a relatively large number of rooms have been monitored to allow findings characterising the total building. In the absence of central ventilation systems, it was not possible to investigate whole building data based on sensors in the return air. The investigation aims to correlate the indoor comfort to the building concept (architecture, building construction, and technical services), the building management and the user behaviour, and to answer the question about the suitability of ‘low tech buildings’ for the predicted future climatic conditions in central Europe [12]. There are technical opportunities for using renewables for cooling to cover the rising demands in Europe, namely in the Mediterranean regions [13,14,15].



Following this introduction, the article first describes the two buildings and the respective monitoring system (Section 2). The evaluation methodology is described in Section 3 and the results are presented in Section 4. The two final sections discuss the results and point out the potential in the context of climate change and the amended 2011 EC Energy Performance Directive [2].




2. Case Study Buildings


The investigations took place in 2019 and 2022 in two office buildings at different locations in Germany in the context of independent research projects at the University of Wuppertal. The buildings represent contemporary construction in new buildings or in the refurbishment of existing buildings and are used by the owners themselves. An overview of the characteristics of the buildings, the relevant building technology, and the monitoring is provided in Table 1.



The new building of the Mettmann District Administration (KVM), which was constructed in 2017, consists of four two-storey building wings that are connected via circulation areas. The majority of the rooms are single or double offices with orientation towards east and west. The planning goal was a building with simple building services and low maintenance and operating costs. Against this background, ventilation and refrigeration technology, as well as complex building automation, were dispensed [16].



The building in Dillingen (LRAD) is the renovation of a public administration building from the 1960s that was completed in 2021. The existing building was renovated in the course of a structural extension. This included a curtain wall and new windows. From the experiences of inadequate high summer temperatures in the offices, one focus of the renovation was on passive cooling measures: per each façade segment, one opaque window sash is automated and motorised for night ventilation, while a second transparent part is operated manually. Each office has two of such segments; refer to the indoor picture in Table 1. Introducing the opaque window sash reduces the transparent area by 15%. Above the windows is a decentral ventilation unit with heat recovery but no cooling or heating function, which is controlled manually by the occupants. A special feature is the provision of individual ceiling fans per workplace to improve summer thermal comfort [17]. The fans are installed within suspended acoustic panels and controlled manually with variable speed. The building serves as a pilot project for these new systems.



Both buildings are typical massive constructions. It is important to note that the window-to-floor area of the typical offices differs, with the higher value being found for the KVM offices with floor-to-ceiling windows; refer to the picture in Table 1. Both buildings apply heat-protection triple glazing and externally mounted movable sun protection. Whereas translucent textile blinds are used at the KVM building, venetian blinds are used for the LRAD building.





 





Table 1. Characteristics of the investigated office buildings, the service technology, and the monitoring approach.
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	Pictures: Kreisverwaltung Mettmann
	Pictures: Landratsamt Dillingen



	Abbreviation
	KVM
	LRAD



	User and owner
	local authority
	local authority



	New/renovation
	New
	Renovation



	City, country
	Mettmann, DE
	Dillingen, DE



	Meteorological station nearby
	Düsseldorf, DE
	Dillingen, DE



	Year of construction
	2017
	2019 (renovation)



	Number of storeys
	2
	4



	Net floor area
	4686 m2
	3919 m2



	Main office type
	two-person office
	two-person office



	Typical office area
	17 m2
	20 m2



	Window to floor area ratio
	0.35
	0.22



	Typical weekday office hours
	8 a.m. to 4 p.m.
	8 a.m. to 4 p.m.



	Heating
	pellet boiler; radiators
	district heating; radiators



	Cooling
	no measures
	free night ventilation with central control; individual ceiling fans with manual control



	Ventilation
	window ventilation only
	decentral supply and exhaust air unit with heat recovery; window ventilation



	Shading
	external canvas blinds—automatic control with manual override; manual interior glare screens
	external venetian blinds—automatic control with manual override



	Monitoring device
	Netatmo [18]
	building automation/IC Meter [19]



	Monitored offices
	35 (temp., hum., CO2), 1 (hum., CO2)
	85 (temp)/6 (temp., hum., CO2)



	Monitoring period
	January 2019–December 2019
	January 2022–December 2022









3. Monitoring Methodology


3.1. Monitoring Systems


For both buildings, measurement data is available for at least one year with a time resolution of 5 min. The buildings are located at two different sites and monitoring took place in different years. The year of 2019 was one of the hottest summers in Germany, thereby creating more thermal stress for the KVM building (Tamb,max 39.5 °C) compared to LRAD (Tamb,max 35.5 °C), monitored in 2022. None of the locations are characterised by high summer humidity, so the thermal comfort is mainly effected by the temperature. The weather data for the analyses were obtained from the nearest station of the German Weather Service with a temporal resolution of 10 min (see Table 1). The building users were informed in advance about the measurements and consent was obtained. This is important as some of the data may allow analysis of personal presents and activity. The evaluation and presentation of the results is anonymous with respect to individual occupants.



Different monitoring hardware was used in the two buildings, as shown in Table 2. The background is the fact that both projects were independent with different actors and work focus and performed in different years. In the LRAD building, the new building management system (BMS) installed as part of the refurbishment was designed for continuous measurement and storage of indoor climate data: temperatures were recorded in 85 office rooms with an eastern or western orientation, and humidity and CO2 concentration were additionally recorded in 6 selected rooms. The sensor technology is integrated into the surface-mounted room control elements at a height of 1.5 m. Occupants can read data from the display to check and compare data with the individual perception. Power is supplied via the KNX bus. Since temperature measurement in BMS systems is usually used for control purposes only, comparatively inexpensive NTC sensors are applied, which means that the measurement is not very precise (±0.8 K). Therefore, measurement accuracy and the dynamic behaviour were checked in the six special rooms using supplementary measurements with IC meters; refer to Table 2 and the discussion in Section 4.3 [19]. These are variable installed room-climate data loggers that transmit their measured values via a GSM modem or optionally via WiFi. GSM operation allows data transmission independent of the building’s WiFi network, which is advantageous with regard to data protection and data security of the respective networks on site. The digital measurement technology is based on a CMOS chip for all measured variables (Sensirion SHT21). A main power connection at the device location is required for operation.



In the KVM building, continuous recording and storage of indoor climate data was not part of the building automation. In order to, nevertheless, record a large number of rooms, a comparatively inexpensive, decentral measuring technology from the smart home sector was used (Netatmo [18]). This consists of a base unit with four sensors (temperature, humidity, CO2, and sound level) to which up to three substations in other rooms are connected via radio transmission (no sound level recording). The base station is supplied by the mains, while the substations work with batteries. In the KVM building, a total of 36 offices with a west or east orientation were recorded and evaluated. The devices were positioned on the desks but far enough from direct interference with waste heat from equipment or persons. The data were recorded and stored as instantaneous values at 5 min intervals in the manufacturer cloud. A mobile phone or a browser app can be used for real-time visualisation, but information was not opened for the occupants. The digital sensor technology works similarly to that in the IC meters. In the case of CO2 measurement with infrared sensors, a weekly ‘recalibration’ is automatically carried out by evaluating the measurement data combined with the assumption that the lowest measured value in the week reaches the usual outdoor air concentration (approx. 400 ppm). The systems proved to be reliable and sufficiently accurate. A random sample test in the climate chamber confirmed the manufacturer’s specifications with regard to temperatures. The radio connection of the substations forces compromises in the installation in order to achieve sufficient signal quality. On the other hand, there is the advantage of lower costs than with fully solitary sensor technology. Ultimately, with a limited budget the number of possible samples and, thus, the significance of the results are reduced.




3.2. Data Analysis


The evaluation of the indoor climate data was carried out on a room-by-room basis and in relation to the respective usage times (6 a.m. to 4 p.m.) on weekdays, as shown in Table 1. It should be noted that, against the background of possible ‘employee monitoring’, no direct presence recording was carried out in the examined rooms. In this respect, times without occupancy during the usual room usage times are also included.



For simplified communication and interpretation, the data were compiled and graphically prepared according to the quality categories for the parameters room temperature, relative humidity, and CO2 concentration in DIN EN 16798-1:2022 [20]. It should be noted that in this new standard the requirements for air quality are less stringent than in the older DIN EN 15251:2012 [21] while the criteria for room temperature and humidity remain the same. Normatively, category 2 should be aimed for in new buildings or extensive refurbishments, with minor exceedances considered tolerable (below 5% of the period of use).



When interpreting the measured room temperature, it can be roughly seen as the operative temperature in the sense of the standard; see also Section 4.3. The normative procedure for non-cooled buildings is based on the adaptive comfort model [22]. Here, the limit temperatures of the respective category are derived based on the daily running mean of the outdoor temperatures of the past 7 days. This procedure usually leads to a more favourable assessment than a consideration with fixed upper temperature limits of 25.5 °C (category 1), 26 °C (2), or 27 °C (3), as applied for air-conditioned buildings (Table B2 in [20], Table 3).





4. Results


In the following, the results are presented first in relation to the entire building and then room-based to analyse the homogeneity or the scattering of the results for each building. All data refer to the daily time of utilisation during workdays, as shown in Table 1.



4.1. Overall Building Performance


For both buildings, the year-round temperature measurement data of all rooms were evaluated on the basis of hourly mean values. Figure 1 shows the results in the characteristic diagram of the normative requirements according to the adaptive thermal comfort model. The room measurement data are plotted against the daily running mean of the outdoor temperature according to formula B2, DIN EN 16798-1 [20]. The lines mark the upper and lower limits of the respective comfort category.



Both buildings have comparatively high winter room temperatures. These result from the individual preferences of the users, as all rooms are equipped with radiators and adjustable thermostatic valves. Significantly lower values indicate rooms that are not used at times, where the thermostatic valves have been throttled accordingly (1–2% of the time). Critically low humidity values did not occur (<1% of the time). Therefore, a graphical representation was omitted.



During summer outdoor conditions, the KVM building experiences room temperatures above the category two limits during 4% of the time, while this is negligible for the LRAD building. While the offices in the KVM building do not comply with the upper temperature limit for category one for more than 10% of working hours in summer, this is only 1% in the LRAD building. A total of 10% of the working hours correspond to about 50 h.



In summer, the user influence in both projects consists of the use of the movable sunshade, window ventilation, and the door position. In the morning, temperatures fall below the lower threshold because of manually tilted windows during the night (KVM) or automated opening of the flaps for night ventilation (LRAD) but are generally not considered critical.



The results for the air quality reflect the difference between window ventilation alone at the KVM building and the room-by-room ventilation units in the façade of the LRAD building, as shown in Figure 2. The ventilators are designed for an airflow rate of 60 m³/h. They, thus, realise a hygienic minimum air exchange with a heat supply efficiency of about 60% but do not fully replace occasional additional ventilation via the windows. According to the experiences, users switch on the ventilation mainly during the heating season. High CO2 concentrations far above 1750 ppm (upper limit category 3) occur particularly frequently in the KVM building when the outside temperatures drop well below 20 °C. The reason for this is the decreasing thermal comfort during winter window ventilation: the colder the outdoor air, the greater the loss of comfort due to the cold air entering, so that the users refrain from using it. With the ventilation unit, cold air intake is largely prevented by the temperature increase in the heat recovery. Over the core winter months (Nov. to Feb., working hours only), the CO2 concentration is only above the limit value of category 2 for 10% of the time, compared to 26% for the KVM building. Not only the frequency differs but also the amount exceeding and the peaks. During the summer period, the differences in the results for the two buildings are significantly smaller compared to the winter months. Windows are often kept tilted without loss of comfort or even with an increase in comfort due to increased air velocity; refer to Section 5.2.



A summary of the indoor climate classification for both buildings is given in Table 4, separated for the core winter and summer months.




4.2. Room-Based Indoor Climate Classification


For the following room-by-room evaluation, only the summer case with its upper temperature limits is considered. In addition to the limit values according to the adaptive thermal comfort model, evaluations were carried out with the fixed temperature values according to Table 3. Figure 3 underlines the consistently good summer thermal comfort in the 91 rooms in the LRAD building (100% in category 1 and 2), but also the predominantly good conditions in the 35 rooms monitored in the KVM project (96%). Considering fixed upper temperature limits decreases the positive picture in both cases, as seen in Figure 4: whereas 75% of the working hours remain in the best two categories in the case of KVM, the corresponding ratio is 85% for LRAD. In addition to the classification, it must also be taken into account here that there are notable periods of very high exceedances in the KVM building.



The adaptive comfort approach results in a significantly more favourable rating for both buildings compared to fixed upper temperature limits as valid for air-conditioned buildings. This seems plausible against the background that usually the expectations on a cooled building are different from those of its non-cooled counterpart. In this respect, the wording ‘passive cooling’ may create expectations comparable to ‘active cooling’, which often cannot be fulfilled in practical operation. On the other hand, at indoor temperatures of more than 28 °C the upper boundaries of the adaptive comfort approach appear questionable in describing thermal comfort, if no additional measures such as personal fans are applied; refer to Section 5.2.



The room-by-room observation of the air quality in winter also shows a heterogeneous picture, Figure 5. Long-term measurements are available for thirty-six rooms in the KVM building and for the six reference rooms in the LRAD project. Due to the much smaller number of rooms with CO2 monitoring for the LRAD project the resilience of the comparison is limited but tendencies can be observed. None of the rooms in the LRAD building has CO2 concentrations above 1750 ppm. This is the case for the majority of the rooms in the KVM building, although with varying frequency. The absence of mechanical ventilation results in a wide variation depending on user behaviour, occupation, and occupancy density: there are offices with very good air quality, as well as those with very poor air quality because of windows which do not open automatically.




4.3. BMS Data Suitability


For a critical analysis of the BMS data, additional IC meters were set up at the workplaces in six sample rooms over a period of six months (Nov. 2021–Apr. 2022) and placed in such a way that no direct sunlight or waste heat from equipment influence the measurement. Figure 6 shows a comparison of the measured sensor outputs of all six rooms based on hourly mean values. While the measurement of CO2 concentration consistently provides comparable values, significant differences occur for the temperature measurement and, consequently, for the relative humidity as well. Figure 7 illustrates the behaviour based on two example weeks in one of the reference rooms. With the desk placed IC-Meters the general temperature level is 0.5 to 1 K higher, and peaks become more significant. Besides the absolute deviations, the influence of the thermal coupling of the sensor housing of the BMS panel to the thermal mass of the wall obviously reduce the temperature peaks. In contrast, the sensors at the workstations have ventilated, free-standing housings with negligible thermal inertia. Taking the BMS data for classifying the thermal comfort results in a slightly better evaluation. The differences in the temperatures are reflected in a consistent deviation of the relative humidity with lower values detected by the IC meters.





5. Discussion


The results of the two projects have shown differences and similarities. The challenge in projects of this kind under summer conditions is to ensure comfortable room temperatures despite not using air conditioning. Under winter conditions, on the other hand, the focus is on indoor air quality. This applies equally to refurbishments and new construction projects, as the expectations of the users are identical.



5.1. Comparison


The new KVM building with its larger glass surfaces per room floor area turns out to be more sensitive to high summer temperatures, despite moveable external sun protection. The floor-to-ceiling windows increase the summer heat load without improving the daylight conditions. The design data just met the national legal requirements for summer heat protection. The results per room scatter with user behaviour. Without modifying the glazing area, there is potential for improvement in a less transparent fabric for the textile blinds and its consistent automation (e.g., increased set point for wind velocity) or a more consistent application by the users. Limitations are given by the user preferences with respect to visual contact to the environment [23].



The measures taken in the renovation of the LRAD building have underlined their effectiveness in both, summer thermal comfort and winter ventilation, to overcome the deficits of the former existing building. This includes reduction of the glazed façade areas and introduction of night ventilation as well as the façade integrated decentral mechanical ventilation. In the refurbishment project with constant users, it is an advantage that the conditions have improved significantly compared to the previously existing deficiencies and, thus, users tend to show a positive basic attitude [24].



The provision and storage of indoor climate data via the BMS proved to be a fundamentally viable way of continuous quality assurance. However, in the present case, this was associated with limitations in the accuracy and reliability of data storage. The decentral monitoring systems proved to be sufficiently accurate and reliable regarding data transfer and storage. This also applies for the low-budget consumer product thereby opening a potential for monitoring and indoor climate quality assurance in existing buildings without a comparable BMS functionality.



In addition to the monitoring data analysis interviews with the users in both buildings underline that high summer temperatures are fundamentally more complained about than poor air quality in winter. Apart from the fact that humans do not directly sense CO2, this is because poor air quality is primarily perceived when entering a room, rather than a continuous deterioration during its use. Beside the individual use of blinds and opening of windows another reason for the significant differences between individual rooms is the position of the office doors to the corridor [16]. Different corporate cultures as well as personal preferences have an effect. An open door promotes air exchange with the circulation areas and taps thermal storage masses in addition to that in the office. The door position was not recorded during the measurements.




5.2. Individual Measures


With ‘CO2 traffic lights’ temporarily used on the work desks in the KVM project, it could be shown that winter air quality was significantly improved (24% on average more within category 1 and 2) at low investment costs by targeted visual and/or acoustic cues to stimulate individual window ventilation, as shown in Figure 8 and Figure 9. Similar effects might be possible by using the warning functionality of the mobile phone apps for the cloud-based indoor climate monitoring systems without individual displays. It is to be expected that the increased use of window ventilation will increase the heating energy consumption. It was found to be 20% lower than predicted in the case of the KVM building in the period not using the CO2 traffic lights. Due to the Coronavirus pandemic, the necessary measurements with CO2 traffic lights over a longer period could not be carried out. The worldwide pandemic has raised the interested in CO2 traffic lights to stimulated window ventilation. Increased ventilation reduces the aerosol content in the room air [25]. Aerosol contamination was found to be the major path of infection in rooms occupied by multiple persons.



In the LRAD building, newly developed ceiling fans were additionally used above the individual workplaces; refer to Table 1 and Figure 10. About 150 fans were installed as an integrated part of acoustic panels. The fans are activated individually by the users with the opportunity of variable speeds. The operation of the fans under summer conditions causes increased air movement around the human body to about 0.25 to 0.5 m/s, compared to almost no or very low air movement without fan operation (<0.1 m/s). They are designed in such a way that the conditions at the opposite workplace in the same room are not affected. Figure 11 illustrates the behaviour based on 9 days of operation in a test office. Whereas the schedule operated fan generates an air velocity of about 0.3 m/s at the head level of a seated person, the velocity at the opposed desk without fan operation remains low with 0.1 m/s. The fan power consumption is very low at 4 W. Due to the high energy efficiency of the DC drives, noise emissions also remain low. The systems were developed as part of a research project at the University of Wuppertal together with industry partners and used for the first time at LRAD [17]. The use of the fans does not change the air temperature in the room but it does increase the heat transfer to the human body by increased convection. The improvement is, therefore, not reflected in the temperature statistics but only in user surveys. These were carried out and underline the positive effect in user satisfaction [24]. According to DIN EN 16798-1, increasing the air speed in the occupied area by 0.6 m/s at room temperatures above 25 °C raises the acceptance range under high temperature conditions by 1.2 K under the precondition of individual control, as shown in Table B.1.3-1 in [20].





6. Conclusions


The investigation aims to correlate the indoor comfort to the building concept (architecture, building construction, technical services, and building management) and the user behaviour to answer the question about suitability of the strategies, namely for the predicted climate change.



The study based on two office buildings in Germany has highlighted key challenges in the new construction and refurbishment of this type of building. In view of climate change, it is becoming increasingly difficult to fully operate such buildings in the expected summer comfort range in central Europe with efficient shading and air-based passive cooling measures alone. At indoor temperatures of more than 28 °C the upper boundaries of the adaptive comfort approach appear questionable in describing thermal comfort. Therefore, planners should not design buildings at the limits of current legal requirements [26]. Namely, large glazed areas without solar-control glass or fixed shading decrease the robustness of a building and makes it more sensitive to non-appropriate operation of moveable shading or windows [27].



Suitable future climate data sets are available on national or international scales to evaluate the thermal performance in advance considering increased ambient temperatures and heat waves [28,29]. Within the framework of IEA EBC Annex 80, a set of free downloadable weather data sets for representative worldwide regions have recently been made available [30]. The legal requirements for summer thermal protection may be increased so as to not create the erroneous expectation that building just within the legal limits in practice achieves a positive rating by the users. Improvements are necessary so that decentralised air condition systems are not retrofitted and energy consumption will increase accordingly [31]. Introducing individual ceiling fans per workplace was found to be a suitable measure to extend the range of acceptance for higher indoor temperature as one measure of personal control [17,24].



Adequate winter air quality without operating a mechanical ventilation system is very much dependent on the handling of window opening as long as no automation is undertaken. Motor-operated windows and their automation mean a high investment and a complex automation task [12,31]. Automatic window opening may temporarily create local discomfort near the facade. Discomfort created by automatic control stimulates conflicts with user preferences whereas discomfort created by manual control is found to be more accepted [32]. Against this background, introducing CO2 traffic lights at the workplaces combined with manual window handling in each room can achieve significant improvements at low investment and fewer conflicts.



In contrast to the buildings studied, the vast majority of office buildings in Germany are not used by the owners themselves but are rented properties. While owner–occupiers complain to the planners, dissatisfaction in rented properties may lead to rent reductions or vacancies and, thus, to direct economic consequences for the owners. The operation of office buildings should not reduce the performance of employees through thermal stress or poor air quality. In this respect, measures should be taken if the monitored conditions are not mainly caused by inadequate user behaviour.



The 2021 amendment of the EC Energy Performance Directive indicates that, for new office buildings, a monitoring system for indoor air quality is mandatory [2]. Existing buildings should be equipped within the framework of major renovation, such as the LRAD example. With the large number of measurements of rooms per building, it could be shown that results can differ significantly. In this respect, it does not seem appropriate to use reference rooms for an assessment of an entire building. This should be taken into account for the planning of a BMS. In addition, care must be taken to qualify the measuring points, as they are now used for more than just control purposes [7].
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Figure 1. Correlation between the room temperatures and the running mean ambient temperature for all monitored rooms of the two buildings over a full year. The three seasons are defined as follows: Jan./Feb./Nov./Dec. = winter, Jun./Jul./Aug. = summer, Mar./Apr./May./Sep./Oct. = spring/autumn. 
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Figure 2. Correlation between the CO2 concentration and the ambient temperature for all monitored rooms of the two buildings over a full year. The difference in the low values (400 ppm and below) reflect the different self-calibration methods of the sensors. 






Figure 2. Correlation between the CO2 concentration and the ambient temperature for all monitored rooms of the two buildings over a full year. The difference in the low values (400 ppm and below) reflect the different self-calibration methods of the sensors.



[image: Energies 16 06790 g002]







[image: Energies 16 06790 g003] 





Figure 3. Room-based classification of the room temperature or all rooms monitored for the summer period between June and July for both buildings using the upper temperature limit of the adaptive thermal comfort model. 
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Figure 4. Room-based classification of the room temperature or all rooms monitored for the summer period between June and July for both buildings using fixed upper temperature limits. 
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Figure 5. Room-based classification of the CO2 concentration of all rooms monitored for the winter period between November and February in both buildings. 
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Figure 6. Comparison of the measurement results from the BMS system and desk placed IC meters for the 6 reference rooms of the LRAD building for a period between Nov. and Apr. (hourly data resolution). 
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Figure 7. Example of the hourly development of the room temperature in one of the six reference rooms of the LRAD building for a period of 14 days in winter. The grey bars mark the window opening (0 = closed; -1 = open). 






Figure 7. Example of the hourly development of the room temperature in one of the six reference rooms of the LRAD building for a period of 14 days in winter. The grey bars mark the window opening (0 = closed; -1 = open).



[image: Energies 16 06790 g007]







[image: Energies 16 06790 g008] 





Figure 8. Room-based classification of the CO2 concentration for 16 rooms in the KVM building with (left, Feb.–Mar. 2020) and without (right, Nov. 2019–Jan. 2020) the use of CO2 traffic lights on the desks of the workplaces. 
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Figure 9. Example of an individual work desk indoor climate panel incl. CO2 traffic-light function. 
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Figure 10. Detail of an individual ceiling fan in the LRAD building. An adjustable grid was applied below the fan to allow focsing the air movement to the workplaces. 
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Figure 11. A total of 9 days of measuring the air velocity in 1.1 m height above the floor (=shoulder of a seated person) at two opposed workplaces in a test office with a desk distance of 2.15 m. One fan was automatically switched using a fixed daily schedule; the other fan always remains out of operation. 
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Table 2. Features of the monitoring system (BMS: building management system).
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	Manufacturer
	
	Siemens, Munich, Germany
	Netatmo, Boulogne-Billancourt, France
	IC meter, Copenhagen, Denmark



	Location
	
	Wall
	desk
	desk



	Sensors
	
	
	
	



	
	Temperature
	±0.8 °K
	±0.3 °K
	±03 °K



	
	Rel. humidity
	±3% rel. humidity
	±3% rel. humidity
	±2% rel. humidity



	
	CO2
	±30 ppm
	±50 ppm
	±30 ppm



	
	Noise level
	-
	main device only
	-



	Room display
	
	Yes
	no
	no



	User app
	
	No
	yes
	yes



	Storage interval
	
	5 min
	5 min (fixed)
	5 min (fixed)



	Data storage
	
	BMS server
	cloud
	cloud



	Data transfer
	
	KNX bus
	WiFi
	WiFi/GSM



	Power supply
	
	24 V DC via KNX
	USB mains adaptor for main device
	USB mains adaptor



	Costs per room
	
	part of central BMS
	~€ 100.00
	~€ 500.00










 





Table 3. Indoor climate classification system based on DIN EN 16798-1 [20].
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Category




	

	

	

	
1

	
2

	
3

	
4




	
temperature

	
adaptive

	
°C

	
depending on running mean ambient temperature




	

	
fix

	
°C

	
<25.5

	
25.5 to 26 °C

	
26 to 27

	
>27




	
humidity

	

	
%

	
30 to 50

	
25 to 30, 50 to 60

	
20 to 25, 60 to 70

	
<20, >70




	
CO2

	

	
ppm

	
<950

	
950 to 1200

	
1200 to 1750

	
>1750











 





Table 4. Classification of selected comfort parameters according to DIN EN 16798-1 for both buildings during the core winter and summer months.






Table 4. Classification of selected comfort parameters according to DIN EN 16798-1 for both buildings during the core winter and summer months.





	

	

	
Winter (Nov.–Feb.)




	

	
Category

	
1

	
2

	
3

	
4




	

	

	
KVM

	
LRAD

	
KVM

	
LRAD

	
KVM

	
LRAD

	
KVM

	
LRAD




	
Temperature

	
Fixed

	
83%

	
92%

	
10%

	
7%

	
5%

	
2%

	
2%

	
0%




	
CO2

	

	
58%

	
65%

	
17%

	
25%

	
15%

	
10%

	
11%

	
0%




	

	

	
Summer (Jun.–Aug.)




	

	
Category

	
1

	
2

	
3

	
4




	

	

	
KVM

	
LRAD

	
KVM

	
LRAD

	
KVM

	
LRAD

	
KVM

	
LRAD




	
Temperature

	
Adaptive

	
90%

	
99%

	
6%

	
1%

	
3%

	
0%

	
1%

	
0%




	

	
Fixed

	
66%

	
75%

	
8%

	
10%

	
13%

	
12%

	
14%

	
3%




	
CO2

	

	
94%

	
98%

	
4%

	
2%

	
2%

	
0%

	
1%

	
0%
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