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Differences in building operator strategies can significantly affect building energy use and occupant comfort. However, it seems that the daily work of building operators and facility managers is still largely based on heuristics and individual experiences. In this work, we have investigated the current data collection methods during the operation and its daily use in buildings as well as the handling of occupant behavior, comfort, and user complaints based on interviews with ten building operators in Germany. These interviews were conducted as part of an international study of building operator OCC (Occupant-Centric Control) strategies, under the auspices of the IEA EBC Annex 79. The results of the interviews clearly reflect, that until now, communication between building operators and building occupants plays a more important role in optimizing or adjusting building operations to meet occupant needs than the data collected by BAS, which is mainly used to detect faults and check the system status of key HVAC components when faults occur. In some cases, the real-time data are applied for the adjustment of set points and schedules depending on measured conditions; however, customization of set points considering the user’s preferred temperature or ventilation rate or building operation based on occupancy detection has not yet been implemented in the considered buildings. The overall objective of this contribution to building operation research is to highlight best practices and identify white spaces that fulfill occupant requirements and achieve a high level of energy-efficiency. The presented findings identify current gaps between science and practice in the field of sustainable optimization of building operation, but also point out real-world starting points for future research and development.
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1 INTRODUCTION
According to the International Energy Agency (IEA) and the United Nations Environment Programme (UNEP), the buildings and construction sector are responsible for 36% of the global final energy use and subsequently for 39% of the energy-related CO2 emissions in 2018 (IEA and UNEP, 2019). Against the background of the threatening effects of global climate change, increasing the energy-efficiency and thus sustainability in the building sector remains an important and significant ongoing process.
As building codes over the last few decades have improved the energy-efficiency of buildings envelopes, the focus in recent years has shifted to energy-efficient building and equipment operations. This is also reflected in the current political regulations, for example the (revised) “Energy Performance of Buildings Directive” (EPBD) 2010/31/EU (2018/844/EU) (European Parliament and of the Council, 2012; European Parliament and of the Council, 2018) by the European Union. It calls for not only more energy-efficiency in buildings, such as the requirement for all new buildings to be so-called “nearly zero-energy buildings (nZEB)” for public ownership by 2019 and private by 2021, but also requires a “building automation and control system” for non-residential buildings “where technically and economically feasible” to be mandatory by 2025 (European Parliament and of the Council, 2018). This clearly illustrates that these efforts are closely linked to the use of Building Management Systems (BMS), which enable increasingly sophisticated services based on a growing amount of data gathered by technical monitoring (TM).
It is generally acknowledged that, in addition to technical variables, people in buildings play a particularly decisive role in building energy consumption. This is supported by numerous investigations within the framework of the completed International Energy Agency (IEA), Energy in Buildings and Communities Programme (EBC) Annex 66 “Definition and Simulation of Occupant Behavior in Buildings” (Yan et al., 2017), and the ongoing Annex 79 “Occupant-Centric Building Design and Operation” (Wagner and O’Brien, 2018). An observed deviation between the calculated or simulated energy demand from design and the measured energy consumption in operation is often referred to as the term “energy performance gap (EPG).” Individual studies and reviews based on measurements show a wide range in variation between occupants in comparable or identical residential units (Andersen, 2012; Hahn et al., 2020), as well as non-residential buildings (van Dronkelaar et al., 2016; Mahdavi et al., 2021), in their energy consumption up to a factor of 5, and in exceptional extreme cases up to a factor of 20.
As a fundamental precondition, there are two different types of individuals that affect mid- and large-sized commercial buildings in fundamentally different ways: the occupants and the operators. The so-called “occupant” can be defined as the end-user of the services, such as conditioning or ventilation of spaces. The operators and the technical staff in facility management (FM) must be differentiated from this. They are responsible for operation, maintenance, and optimization of the technical equipment. The latter are the people interviewed in this international questionnaire. Nevertheless, all individuals interact with the building and the technical systems and therefore influence energy consumption.
Moving beyond energy-efficient building controls towards occupant-centric controls (OCC) promises to reduce energy consumption more reliably without making occupants uncomfortable. This potential has been shown in simulations and laboratory experiments (Park et al., 2019a; Park et al., 2019b; Park and Nagy, 2020). But it is still questionable whether promised performance can be achieved in real-world applications, especially when applied to the broad building stock. Proposed transformational new technologies, for example in the field of model predictive control (MPC) (Drgoňa et al., 2020), strongly contrasts with the current day-to-day working routine of building operators, especially with regard to the defined tasks and the time already fully allocated for these activities, which is evident in this study. Furthermore, the opportunities to implement new technologies in existing buildings are limited as well.
The aim of this investigation is to collect and assess building operator strategies, the type as well as the use of the data collected in BAS (Building Automation System), and implementation of OCC. Furthermore, it is acknowledged that occupants’ presence and actions (OPA) have a significant impact on achieving an efficient building operation. For this reason, the focus is on the accessibility and usability of occupant-related data for building operators. As a result of this, special attention is paid to the interaction between the occupants of the building and the environment. Since it is assumed that operator heuristics and experiences play a role in this context (Afroz et al., 2020), their practical “know-how” is examined in detail in this study.
The overall objective of this contribution to building operation research is to highlight best practices and identify white spaces that fulfill occupant requirements and achieve a high level of energy-efficiency. The presented findings identify current gaps between science and practice in the field of sustainable optimization of building operation, but also point out real-world starting points for future research and development.
2 MATERIALS AND METHODS
2.1 Background of Survey
The basis of the following investigations is a questionnaire developed by an expert researcher subgroup within the framework of the IEA EBC Annex 79 “Occupant-Centric Building Design and Operation” (Wagner and O’Brien, 2018). The final structured interview script consists of 23 questions (see Appendix A). The interview started by looking at the interviewees, their official title, relevant training, and experience (i.a. Q1—Q6) as well as their possibilities of operating the buildings’ managed (i.a. Q6). It then addressed the building occupants and comfort (i.a. Q8—Q9), their feedback (i.a. Q14—Q16), and control options (i.a. Q10—Q11). Existing building control systems were recorded and evaluated from the interviewees’ point of view (i.a. Q13, Q17—Q19). Finally, the interviewees’ wishes for expansion on occupant-centered data and/or personal skills, as well as their potential benefit, were investigated (i.a. Q21—Q22).
To meet data privacy requirements, the interviewees remain anonymous, and no personal identification or sensitive data was collected. This human-subjects research initiative initially received research ethics approval at Northeastern University in Boston, MA, United States (IRB # 20–01-01). Additionally, ethics approval was received at each subsequent participating institution including Munich University of Applied Sciences and the Fraunhofer Institute that produced this manuscript. Interviews were carried out in several other countries (e.g., United States, Canada (Afroz et al., 2020; Abuimara et al., 2021), Italy, Poland, Singapore, Switzerland, and Brazil); however, the interviews conducted in Southern Germany are the sole focus of this study. To this end, the survey instrument, originally developed in English, was adapted into local questionnaires—in particular with regard to special features in the individual countries (e.g., educational background).
2.2 Translation of Survey and Responses from/to English
For this purpose, a translation guideline protocol has been developed and applied to ensure equivalence across languages. In order to ensure semantic, conceptual, and normative equivalence of survey questions, the questions were translated into the target language and reviewed by a second person. Furthermore, the resulting translations were tested with a third person to evaluate the comprehension of the questions. Accordingly, this process comprises the following steps:
1) First translation. The English original version (EOV) is translated by the first translator into the target language versions (TV): for this paper, it is German. Translators are instructed to use the same terms that are used in English as far as it is possible.
2) Comparison step. The second translator takes the EOV and the resulting TV from the previous step and independently checks for inconsistencies, mistranslations, meaning, cultural gaps, and lost words or phrases. If any differences are found, the translators are asked to find out why this occurred and how the instrument can be revised.
3) Verification step. The TV is presented to a person not involved in the process of translation and the understanding of the questions is discussed together with one of the translators. If any misunderstandings are found, the translators are asked to find out why this occurred and how the instrument can be revised. A few iterations of this process can occur to ensure proper translation before the final TVs are approved
4) Approval step. If no more misunderstandings or differences are detected, the translation can be approved and released for application.
The translation of the collected responses back into English, the original language of the survey, follows the same principle:
1) Preparation step. Two bilingual translators for each language are identified and introduced into the study. In the best case, these are the same persons who have con-ducted the interviews.
2) First translation. The interview responses in the target language are translated by the first translator into English. Translators are instructed to use the same terms as in the target language as far as is possible.
3) Comparison step. The second translator takes the answers in the target language and the resulting translation into English from the previous step and independently checks for inconsistencies, mistranslations, meaning, cultural gaps, and lost words or phrases. If any differences are found, the translators are asked to find out why this occurred and how the instrument can be revised. A few iterations of this process can occur to ensure proper translation before the final TVs are approved.
4) Approval step. If no more misunderstandings or differences are detected, the translation can be approved and released for submission.
2.3 Conducting the Interviews
The ten German interviews were carried out between 2020–05-27 and 2020–12-01. The interviewees were selected based on the size of the operated building and their experience as well as involvement in this field. Due to the global COVID-19 pandemic, all interviews were carried out by telephone or web-based conference calls and accompanied by two interviewers to be able to precisely ask the questions and transcribe the given answers directly. As a result, the given statements were not documented literally, but were already edited while being transcribed. All interviews were conducted in accordance with the current German data protection regulations (DSGVO (European Parliament and of the Council, 2016)). Thereby, analyses of these data were conducted after anonymization.
2.4 Applied Methods and Limitations
A mixed research approach was applied to examine the transcripts from these 10 interviews. The responses were coded by 18 open-ended questions and five closed-ended questions. The closed-ended questions provided an understanding of the sample demographics compared to the broader population of building operators; however, due to the small sample size qualitative analyses of these responses cannot be considered statistically significant of the sector. Instead, the qualitative analyses focuses on the 18 open-ended questions to understand operator behavior, perceptions, and characteristics in context-specific settings. Quantitative aspects in the mostly closed-ended questions, such as the years of professional experience or the number of managed buildings, are collected as background information. After completing the survey, categories were formed in the analysis from all the responses given, and the answers from single interviews were assigned to them. Thereby all given answers could be completely considered in the analysis.
In this qualitative approach, “reliability and validity are conceptualized as trustworthiness, rigor and quality in qualitative paradigm” (Golafshani, 2015). The aim is to identify important aspects of building operation as well as hurdles and development potentials that point toward a more energy-efficient and sustainable building operation. The results obtained in this study can therefore provide important insights for research and point out areas for development in practice. Nevertheless, the so-called “thematic saturation” (Bryman, 2016) is clearly evident in the interviews due to repetitions: In many thematic areas of the questionnaire, a homogeneous picture of the actual building and system operation as well as and the engagement of the occupants is reflected.
2.5 Research Questions and Themes
The 23 questions in the semi-structured interview script were derived from research questions to understand, among others, the following: How common and effective are various occupant sensors, interferences, and data systems (i.a. Q13, Q17—Q19)? How do operators’ skills, opinions, and trust of occupants affect occupant (dis)comfort and energy use (i.a. Q2—Q5, Q8, Q9)? How do operators learn and apply knowledge of occupants’ needs (i.a. Q14—Q16)? How can building systems be improved to facilitate operators’ ability to meet occupants’ needs (i.a. Q22)? The survey questions may refer to more than one research question, at least as background information, due to adjacent and overlapping topics.
These research questions were revisited when analyzing the interview transcripts, illuminating the following themes to be explored: operators and buildings, operators and occupants, occupants and buildings, building automation systems and sensor technologies, and data analysis. These five themes make up the five sections of the results below.
3 RESULTS
3.1 Operators and Buildings
Figures 1A–D shows the characteristic of the individuals interviewed in this study. Most of them are facility managers and only two participants work as an energy manager. Four interviewees have a technical education such as electrician, installer for heating systems, or plumbing, and six of them have a university degree. Half of them have over 20 years of working experience in the field. Four interviewees are responsible for more than one building. Therefore, for comparability of survey results, interviewees were asked to refer to an exemplary building when answering the questions.
[image: Figure 1]FIGURE 1 | (A): Answers to Q1: “What is your job title?” (B): Answers to Q2a: “Please describe your education.” (C): Answers to Q2b: “Please describe your level of experience, which is the most relevant for your employment.” (D): Answers to Q7: “Number of managed buildings.”
According to answers to Q7, interviewees in this study operated buildings in both the private and public (i.e., government) sectors and had predominantly office-like usage. Furthermore, laboratory and lecture buildings as well as commercial and residential use were observed. Net floor areas ranged between 1,000 m2 for single buildings up to the entire aggregation of properties with 90,000 m2 (portfolio managed by one operator/team interviewed. One single interviewed team operates a very large number of buildings (up to 300–400). The number of users in the buildings under consideration varied between 50 and 7,000.
The technical equipment of the considered buildings differs in some points. All buildings have central heating systems (boilers, CHP, heat pumps or district heating) with water-based heat transferal systems installed in the rooms, such as radiators, convectors, floor heating or ceiling panels. Most of the considered buildings have operable windows, which can be opened individually by the occupants. Eight out of the ten buildings also have operable exterior sunshades. Nine buildings have a mechanical ventilation system. Mechanical cooling is not standard in the office areas. The mechanical ventilation and cooling systems are mainly present in mixed-use buildings. In most cases, these systems are intended for large meeting rooms, laboratories, server rooms, or retail spaces, but not for use in office spaces.
3.2 Operators and Occupants
From the possible answers on the question “What are the top two goals that drive your operational decisions?” (Q5) the interviewees could choose from a selection of pre-defined answers. An overview of the selected targets is shown in Figure 2A. In principle, the legal specifications and requirements are just as decisive as the objectives of the building owners. These in turn are bound by the legal requirements and also the desire to save costs, which usually leads to the specification of energy savings. Another important objective is occupant comfort. Most of the respondents stated that they also have a personal interest in operating the buildings as energy-efficiently and occupant-optimized as possible. In this way, they try to anticipate occupants’ complaints and at the same time operate the existing systems as optimally as possible. From the respondents’ answers, it is clear that they do not consider the various objectives for building operations separately, but rather see them in context and act accordingly. For example, the standards and regulations in Germany provide many guidelines for saving energy and maintaining user comfort. In addition, saving energy is often linked to reducing energy consumption costs, while increasing plant efficiency can also contribute to this goal.
[image: Figure 2]FIGURE 2 | (A): Answers to Q5: “What are the top two goals that drive your operational decisions?” (B): Answers to Q6: “What two sources of information help you most in achieving these goals?”
When asked “What two sources of information help you most in achieving these goals?” (Q6), the respondents considered communication with building occupants to be even more important for their work than the data from the building technology, see Figure 2B. The interviewees pointed out that a good exchange with building occupants promotes understanding of their perception of comfort and further enables them to detect and fix occurring defects more quickly. Many everyday faults experienced by building occupants cannot be identified in any other way. Also, sensor and measurement data from Building Automation Systems (BAS) are helpful for technical monitoring of the building systems.
In addition, it seems that the personal occupancy in the managed building clearly influences the personal goals during the building operation. If interviewees spend more than half of their working time in the managed building, they consider the occupants’ comfort more important than the interviewees, who spend no more than 50% of their working time in the building (see Figures 3A,B).
[image: Figure 3]FIGURE 3 | Answers to Q5: “What are the top two goals that drive your operational decisions?” (A): Answers from the interviewees who spend more than 50% their working time in the building; (B): Answers from the interviewee who spend no more than 50% of their working time in the building.
Most of interviewees estimate the occupants’ comfort in the managed building to be comfortable or very comfortable and they assume that they understand the occupants’ needs “good” or “even very good” (see Figure 4).
[image: Figure 4]FIGURE 4 | (A): Answers to Q8: “How do you estimate the comfort level of the Occupants?” (B): Answers to Q9: “How well do you think are you able to understand the needs of the Occupants?”
3.3 Occupants and Buildings
To get a better understanding of the Human-Building Interactions (HBI), the participants were also asked about the opportunities for occupants to adjust their indoor environment as well as about the measures and reasons for their restriction (Q10, Q11, and Q12).
When asked “please describe typical intervention options for the Occupants in order to make their stay more comfortable,” in almost buildings the set point temperature can be varied (off-set room/zone thermostat) by the occupants by ± 2 to ± 5 K, although the supply temperature in the heating circuit determines the general heating temperature (see Figure 5A). The interviewed building operators stated about the heating system that compromises between the building operation target and the needs of the occupants may be achieved by granting limited occupant influence on the heating units in the offices. In contrast, building occupants rarely have any influence on mechanical ventilation (see Figure 5C), if these exist at all. In the buildings considered in the study, it is mostly possible for occupants to open the windows themselves (see Figure 5B). In the few exceptions where this is not possible or partly not possible, the restrictions were already defined in the construction phase for safety or aesthetic reasons. External Sun shading is mainly manually adjustable, partly supported by a central control system that is linked to weather data and schedules and cannot be intervened by occupants (see Figure 5D).
[image: Figure 5]FIGURE 5 | Answers to Q10: “Please describe typical intervention options for the Occupants in order to make their stay more comfortable,” (A): Heating, (B): Window, (C): Ventilation, (D): Shading.
The lighting in the considered buildings is not centrally controlled. It can be operated manually in most cases. A lighting-integrated presence detection is partially provided to enable an automatic switch-off in case of absence. Interviewees pointed out that since these systems mainly react to movements, it can happen that the systems switch off the light during deskwork with little movement. This tendency has already led to an accumulation of complaints from occupants among some of the participants; as a result of this question, one respondent remembered that they tried the presence control for the lighting, but there were too many complaints, so they deactivated it again. Other participants report that residents also sometimes do not fully understand the functions and possible interaction options available via the building technology on their own. In order to avoid inappropriate interventions by the occupants as far as is possible, some of the participants try to sensitize the occupants to energy efficiency issues through personal talks or information campaigns (named: print leaflets and posters). Therefore, the main focus is on sensible ventilation behavior by windows and the energy-efficient manual operation of lighting.
The interviewees state that the reason for restricting the occupants’ interventions (Q12) is the prevention of unfavorable occupant behavior, which would result in a high energy consumption and damage energy-saving systems, as shown in Figure 6.
[image: Figure 6]FIGURE 6 | Answers to Q12: “What are the reasons to restrict the Occupants?”
To the Q14 “What is the most common type of complaints, in terms of heating, cooling and air quality of the facility?” the respondents indicated that the complaints they receive from building occupants most often relate to indoor temperature. Across all interviews, the most common complaints the building operators get is that it is too hot in summer and too cold in winter (see Figure 7A). Complaints occur in the morning rather than the afternoon and increase when the weather changes, during transitional periods, and when building occupants have been absent for extended periods of time (see Figure 7B).
[image: Figure 7]FIGURE 7 | (A): Answers to Q14: “What is the most common type of complaints in terms of heating, cooling, and air quality of the facility”? (B): Answers to Q15: “When do the complaints occur the most?”
For example, one participant recalled that there are often individuals who would like to turn on the heaters earlier in the transition between fall and winter than the building operators have planned. The building operators interviewed are well aware of the wide range of comfort requirements, but they always have to find a compromise between the technical possibilities, the operational specifications, and the occupants’ requirements.
3.4 Building Automation Systems and Sensor Technologies
In the survey, the participants were also asked to describe the existing Building Automation System (BAS) in more detail, as well as its most important functions and the available data (Q17). The replies show that all buildings under investigation have management technologies and BAS installed. Nevertheless, the age of the automation systems ranges from here you 2 to 31 years (see Figure 8B) and mainly manages HVAC systems and lighting. Looking at the installed and centrally managed sensors and data, a central recording of presence in the offices or of individual system settings by building occupants is not common in the buildings managed by the interviewees (see Figure 8A). Only in one case is occupancy detection supposed to be available for building operation, but complaints from occupants or lack of maintenance have led to the deactivation of the systems. Therefore, the interviewed building operators rely predominantly on the specifications of set points and schedules, sometimes taking weather data into account. Only one building operator stated that his building is predominantly operated automatically based on current sensor data (e.g., outdoor temperature, brightness, and occupancy). In the other cases, data is also collected but hardly ever integrated into the automation system.
[image: Figure 8]FIGURE 8 | (A): Answers to Q17b: “What functions are the most important for you?” (B): Answers to Q17c: “How old is the system?”
The detailed statements of the interviewees show that the existing buildings hardly have any sensors for presence detection and demand-oriented control. In particular, presence sensors can be either “hard-wired” in the electrical installation for user-centric lighting control, or connected to the building automation system. The first case was named in about half of the interviews while the second case seem to be very rare in the buildings under consideration. In addition, some operators mentioned that the absolute number of people in their buildings is recorded via the access control (card). Two respondents described that no technology for demand-based heating, lighting or ventilation such as occupancy sensors, CO2 sensors, etc. is currently installed in their buildings. Generally, thermostatic valves at the radiators are still widely used in the buildings to adjust the preferred room temperature. These thermostatic valves don’t have electronic sensors and are not connected to a central building automation or monitoring system.
3.5 Monitoring and Data Analysis
3.5.1 Current Data Usage
Based on the description of the BAS, the participants were asked about the data that emerges and is used from it (Q17d, Q17e). The interviewees answered that they mainly use the set points and schedules of the heating cycle of HVAC system of BAS as well as technical data of the HVAC system like air pressure or supply water temperature to control the system status of essential equipment components and to eliminate malfunctions indicated by the BAS or complaints by the occupants (see Figure 9A). Additionally, the weather data are also often used (e.g. weather-compensated flow temperature control). A regular evaluation of the archived data is hardly ever carried out. In rare cases, power consumption is evaluated as part of an energy monitoring process. Furthermore, the respondents sometimes receive occupant feedback via an internal ticket system and can then collect and store it in the BAS or separate databases. However, they predominantly receive it separately, for the most part orally, without being archived. Although the indoor air temperature is collected in most cases, it is hardly considered for the building operation (see Figure 9B).
[image: Figure 9]FIGURE 9 | (A): Answers to Q17d: “What data is used in the BAS/BMS?” (B): Answers to Q17e: “Data that is collected by the BAS/BMS?”
Due to the lack of other information sources, such as occupant presence, air temperature, and air quality measurements, building operators are mainly dependent on occupant feedback for occupant-oriented optimization of building operation at room level. Since occupant feedback is mostly received only when disturbances and discomfort occur, occupant-oriented building optimization is in most cases focused on preventing complaints. When asked about the potential of the usage of “real-time” or archived information from the BAS to make occupants more comfortable (Q18, the participants expressed a keen interest, see Figure 10). In particular, the optimization of the indoor climate on the basis of the identified preferences and presence of the building occupants was often mentioned. However, this requires more measurement technology, and above all a different building technology that allows the central operation of the room equipment according to individual comfort requirements in the first place. One respondent pointed out that even if he knew exactly which room temperatures the individual occupants preferred, he could not centrally adjust them via the BAS. The reason for this is that the existing heating system only allows the regulation of the central supply temperature.
[image: Figure 10]FIGURE 10 | Answers to Q18: “Can you use real-time or archived data from the BAS to offer more comfort to the Occupants? Which of the methods do you use?”
The basis and still most common way to control technical systems in buildings (e.g., by set points, ventilation rates – see Q19) are fixed schedules implemented in the BAS as the analyzes of answers clearly demonstrate. Only a single interviewee mentioned demand-controlled systems via automatic adjustment by sensor data (see Figure 11A). Furthermore, most schedules are based on daytime, season and closing days. Additional adaptions are made by occupancy plans for densely occupied rooms such as conference rooms (see Figure 11B).
[image: Figure 11]FIGURE 11 | (A): Answers to Q19a: “Are there typical schedules that control the temperature/ventilation rate?” (B): Answers to Q19b: “Are the schedules adapted to occupancy plans, seasons, or specific occasions?”
In addition to inflexible building technology, there are other challenges that building operators face in improving the energy efficiency of the building. Asked about the non-technical challenges in improving energy efficiency in their facility (Q21), the participants stated that data protection guidelines or concerns on the part of building occupants or building owners often prevent extensive access to existing data and their analysis (see Figure 12). In addition, the limited funding for the investment to measurement systems or the required manpower were given as challenges. Some interviewees noted that there is a lack of a sufficient argumentation basis to justify new investments to less interested owners: there is too little data that can be collected and/or analyzed. However, it was positively remarked that a regular exchange between building operators and their clients (building owners or tenants) facilitates building optimization.
[image: Figure 12]FIGURE 12 | Answers to Q21: “Describe the challenges when improving the energy efficiency of the facility”.
3.5.2 Theoretical Opportunities by Further Information
Another question asked about the most important information that the interviewees wish to have access to regarding occupants and occupant comfort and how they would benefit from it (Q22), see Figure 13. In this context, not all building operators actually wish for more (room-related) data, since the existing system technology would not allow more individual operation of the building on a room level as stated above. If more data is desired by the participants, then it is mainly the recording of the presence in the rooms or the number of people in the rooms in order to optimize the system operation, especially the setback phases of the heating system on a building level. Also, some respondents stated interest in additional room-related data and occupant feedback regarding preferred room temperatures and ventilation rates, which they would like to use to make further adjustments to meet occupant comfort requirements as far as the installed technology allows.
[image: Figure 13]FIGURE 13 | Answers to Q22: “What are the most important pieces of information about Occupants and their comfort levels that you would like to have more information about?”
The interviews showed that, currently, communication between building operators and building occupants plays a significant role for optimizing or adjusting building operation to the occupants’ needs. The building occupants are included by the building operators as additional sensors, so to speak. They report abnormal temperatures and peculiar noises, for example, that help operators identify malfunctions and system failures that are not detected by the building automation system. However, relying on occupants as sensors implies that the occupants experience degraded quality of service—the antithesis of many operators’ goals. And similarly, to how faults in system operation are to be avoided, the aim is also to anticipate occupant complaints.
4 DISCUSSION
4.1 Operators and Occupants
Buildings are constructed and operated for people. They should provide a comfortable indoor environment [e.g., DIN EN 15232 (German Institute for Standardization, 2017)] in different domains, such as thermal comfort, indoor air quality (IAQ), acoustic quality, and visual aspects. This becomes evident in green building certification systems such as DGNB (German Sustainable Building Council, 2021) or LEED (LEED, 2021). In addition, there might be further individual needs, for example in terms of safety or privacy. From a technical point of view, however, the general aim is often to operate according to standards or guidelines (e.g., SOPs) with high efficiency and low costs.
The survey revealed that the interviewees are increasingly required to improve the energy efficiency of their building operations by complying with the essential legal requirements (e.g., VDI-MT 3810, Part 1 (German Association of Engineers, 2020). The European targets for CO2 and energy savings (IEA and UNEP, 2019) will also be translated into increasingly restrictive, mandatory requirements for building operation, which will further strengthen this trend in Germany. In addition, building owners are setting further targets such as cost savings or environmental action plans. As these usually go hand in hand with energy savings and energy efficiency optimization, they further reinforce this development. Both the legal and the property specific (e.g., company policies, SOPs) requirements point in the same direction and energy savings usually also result in a reduction in costs and CO2 emissions. According to the survey results, it can be stated that in building operation there is generally a strong focus on improving energy efficiency and thus sustainability. This development is supported by the high self-interest of the interviewees, all of whom are committed to improving the energy efficiency of their buildings beyond the required minimum. In addition, as on-site experts, they are also aware of the occupants’ influence on the operation of the managed buildings and the importance of ensuring occupants’ comfort. The latter is often defined as the self-imposed priority for optimizing the building operation. It can be summarized that the operators’ objectives such as energy efficiency, which is directly linked to costs, are congruent or even beyond the current legal and political requirements.
However, most interviewed operators stated that they do not have sufficient sources of information to fully achieve the defined goals. The survey revealed that the two most important sources of information in achieving these goals is the occupant feedback as well as data generated by the BMS/BAS. Occupant feedback was mentioned twice as often as data from the management systems. Usually, the occupants report malfunctions and uncomfortable indoor climates. Nevertheless, a strong bias must be assumed in the occupants’ information. It must be assumed that mainly very dissatisfied or sensitive individuals provide feedback. Based on this data, it is therefore not possible to draw any conclusions about the occupants as a whole. The interviewees therefore have no choice but to react according to the situation. When permanent adjustments of the building operation are based on the feedback of occupants, they are taken into account in the same way as remote sensors, e.g., to ensure a comfortable room conditioning or to detect malfunctions in the operation of the building systems. The occasionally received occupant feedback, however, does not allow a general analysis of occupant comfort nor a derivation of optimization potentials solely based thereon. However, after improving the system operation, data acquisition, and the building envelope, there is great potential to further optimize the energy efficiency of the building by taking occupant comfort into account (Bordass et al., 2004; Andersen et al., 2013). In order to unlock the potential of an advanced improvement in energy efficiency, increased data collection on the occupant behavior in the building and its analysis would be necessary in most of the buildings considered in this paper.
The measures required to increase energy efficiency primarily depend on the initial situation of the existing building. Findings of the interviews show that in some of the buildings considered, energy efficiency interventions require remedying known deficits, such as improvement of the envelope and systems, before an additional data collection and analysis to leverage further optimization potential. These measures could also provide the building operators with important information to identify and quantify further optimization potential. This would create a basis for argumentation, which would be desired by some of the participants in this study in order to be able to justify the necessary funding for further optimization measures. One of these further measures to increase the energy efficiency of a building could then be the consideration of occupant behavior. Studies already indicate that an adaptation of building operation to occupant comfort and occupant behavior offers an additional field for optimizing the sustainability and energy efficiency of buildings (Bordass et al., 2004; Andersen et al., 2013). In order to tap into this increased possibility of achieving the defined Objectives of Building Operation, a more extensive data collection on the occupant behavior in the building and its analysis is necessary. However, from the survey results, it can be concluded that the current building stock in Germany does not yet offer such opportunities on a broad scale. Only one of the participants stated that he operates a building with the correspondingly required equipment of sensors and coupled building technology. Therefore, there is still an increased need for investment in the area of stock buildings before more advanced approaches could be implemented. These include approaches such as MPC for the automated integration of OCC, which are currently being developed and tested in research (e.g., (Park et al., 2019a; Park and Nagy, 2020)). Also the “human-as-a-sensor” approach is currently examined as a real-time feedback (e.g., (Jayathissa et al., 2020)) to evaluate environmental comfort and improve models regarding adaptive comfort for further design and building operation. It is important to gather the information by a brought loop such as using quick feedback via smart-watches (devices) from a large number of occupants and, therefore, large sampling rates (data streams). In this way, more than discomfort and complaints are recorded and the bias can be reduced.
4.2 Operators and Buildings
In order to achieve maximum energy efficiency in the building sector, it is necessary to be able to realistically consider occupant behavior in the design and operation of buildings (Hong et al., 2015). The survey illustrates that in practice this is mainly done by occupancy schedules. However, the real occupancy of the building is usually much more diverse than what is represented by static schedules. In addition, occupant behavior goes far beyond a simple presence in the building. If possible, occupants operate HVAC systems, sunshades, and lighting; they also open windows and doors. Each of these interactions affects the efficiency of the building’s operation. Following the international research projects IEA EBC Annex 53 (Yoshino et al., 2017) and Annex 66 (Yan et al., 2017), occupant behavior can best be described as observable actions or reactions of a person to external or internal stimuli, respectively, and as actions or reactions of a person as an adaptation to changed environmental conditions, such as temperature, indoor air quality, and sunlight. Moreover, Schweiker et al. (2020) have evaluated the different approaches of multi-domain “indoor environmental perception and behavior.” The considered environmental stimuli, including thermal, visual, acoustic, and air quality related factors, are interconnected to the conditions provided by the operational parameters of the building. Of course, contextual and personal variables have to be taken into account as well. In the publications about modeling occupant behavior, Carlucci et al. (2020) refers to the so-called “OPA: occupant presence and actions” framework considering the different aspects.
The results of the presented survey show that in current BMS/BAS, interaction of humans in buildings is not commonly monitored and analyzed. The influence of these interactions on the operation of buildings is therefore hardly taken into account or not even identifiable due to a lack of implemented technical monitoring systems. Occupants interact with the installed building systems, such as switches for lighting or blinds, windows or thermostats, to adapt their environment according to their needs. A comprehensive review on “human-building interfaces and their relationship to human behavior, energy use and occupant comfort” is provided by Day et al. (2020).
This survey revealed that the personal comfort-oriented interventions of individual occupants to adapt their environment are generally viewed as disruptive factors in building operation. The reason for this perception is predominantly the fact that the effects of occupants’ interventions are rarely in line with the objectives of energy-efficient and optimized building operation. Accordingly, there are several strategies to counter these interventions. The most common is to limit or even completely prevent occupant intervention. This is often already defined in the design phase, but can also be implemented later if necessary, for example if unfavorable occupant interventions occur too frequently. However, several research studies have shown that occupant satisfaction and well-being increases significantly with the possibility of interventions and therefore the perceived control in buildings (Hoes et al., 2009; Sadeghi et al., 2016). Hence, a quick response of the technical systems (or operators) is also important for the occupants to feel comfortable.
In the end, the building operators have to find the right balance between the general operational objectives and individual occupant needs within the range of the possibilities of the individual building design. The strategy of providing limited control options is often used in this context. This means, for example, that the user is granted access to the thermostats or the light, but only to a certain limited extent. In this way, the user’s need for influence can be taken into account without the resulting effect on the operation of the building being too high. An additional issue is that rooms and zones with several occupants often have conflicting requirements in terms of indoor climate, which in practice are technically difficult to fully meet due to the common transfer systems. This can lead to further conflicts.
Based on the adaptive principle of thermal comfort by Humphreys and Nicol (Humphreys and Nicol, 1998), it is usually assumed that people avoid discomfort or circumvent it by adapting themselves or their environment accordingly (Bluyssen, 2009). Therefore, it can be assumed that the interaction between an occupant and the building systems is not random but has a specific goal (Reinhart, 2003). Accordingly, user behavior can be attributed to internal or external stimuli. In the perception, evaluation, and reaction to environmental stimuli, among other things, the subjective perception, the external conditions, and the individual preferences and expectations play a significant role. Consequently, there are other factors influencing user behavior in addition to individual comfort levels. The external conditions can also include targeted information campaigns for occupants on their options for interacting with the building systems, the expected implementation times, e.g., until the room has reached the new set point temperature, and the consequences of the changed operating conditions, such as increased energy consumption due to increased heating requirements.
Three of the interviewees stated that they already have been using the option of occupant information in various ways and have so far had a positive experience with it. The authors of this paper also see the direct communication of building operators with building occupants as a highly useful lever to increase the energy saving potential within the building operation. The authors assume that occupants are often not sufficiently informed about the increasingly complex building systems and their appropriate use; therefore, the authors see adequate occupant training as an important instrument for empowering occupants to make a relevant contribution to energy savings.
4.3 Building Automation Systems and Sensor Technologies
The real challenge in optimizing the building is often the technical standard of building automation. Existing buildings in particular do not currently have the necessary data structure to implement efficient control algorithms.
In traditional building automation systems, data is only collected that is necessary for ensuring fundamental control or essential operating functions (HVAC, etc.). Therefore, in practice, there is frequently neither the sensor technology nor data on detailed information on energy consumption, presence, or user behavior.
The interview results indicate that it is not common practice yet to regularly evaluate the data collected in the BMS. Although the BMS allows trend analyses, the data analysis does not usually exceed the examination of fault messages and the search for their causes. Only one of the considered buildings had more extensive data collection and automated processing. In order to make the collected data suitable for building operators, it is necessary to include advanced visualization and analysis tools. The optimization measures must be designed close to reality, since maintenance, servicing, and ease of use play an important role in long-term and correct use. Therefore, standards and guidelines, implemented in the last years can help to improve the facility management processes.
In July 2017, the guideline VDI 6041 “Technical monitoring of buildings and building services” (German Association of Engineers, 2017) was introduced in Germany to provide the parties involved (planners, operators, facility managers, etc.) with a defined process in facility management. Increased requirements such as the degree of technology and the preferences of the occupants are to be supported with systematically collected data in the subcategories of “energy monitoring (EMon),” “plant monitoring (AMon),” and “building/comfort monitoring (GBMon)” (German Association of Engineers, 2017; Grob et al., 2017).
However, at the initial commissioning of a building as well as in the case of refurbishments or conversions, all technical systems should systematically be put into service together. In Germany, there has been the facility management VDI 6039 “Managing of building commissioning methods and procedures for building-services installations” (German Association of Engineers, 2011) guideline available since 2011. A previously verified monitoring system can support this process with data. The Post-Occupancy Evaluation (POE) process that was implemented in the 1960s (mainly in the US and Canada) has led to buildings being even more closely matched to the needs of the occupants during commissioning (Cooper, 2001; Hadjri and Crozier, 2009). Again, in this case the occupant is used as a “sensor” to gather feedback.
In addition to the systematic collection, storage, and analysis of data, it is also necessary to develop appropriate management measures and KPIs that allow a quick assessment of the building and plant operation, as well as the occupant-related parameters. Hence, O’Brien et al. (2017) and Li et al. (2021) have introduced new occupant-centric measures.
The survey results show that the buildings of the respondents were mostly state of the art at the time of their construction. The focus of renovations of older buildings is predominantly on the upgrading of the facade rather than the building technology and is mostly renewed at the scheduled end of life, or even later if the systems are still running. Maintenance is carried out during operations, but its functions are rarely updated or extended once the system is running.
Special challenges arise when the BMS/BAS is installed in the building but not maintained on a regular basis or not adapted to daily operation. In these cases, the advanced system raises more complaints rather than assisting the building operator in meeting the requirements of energy efficiency and occupant comfort. It is usually only after the building has been commissioned that the actual operation of the building become apparent, which only then reveals the real energy consumption. In order to get a more precise idea of the energy consumers and their influence, a detailed data collection of the building operation is useful. This data can then be utilized to identify and prioritize optimization potentials. It can then be further used to clarify several issues. First, the data can be used to simplify the preparation of the often mandatory annual energy inventories. On the other hand, optimization potentials can be identified and prioritized. Furthermore, adequate data storage can be used to evaluate recurring malfunction reports and to make long-term developments comprehensible.
4.4 Monitoring and Data Analysis
The presented survey shows that there is a high level of interest among all respondents in the integration of new techniques and tools for the exploitation and evaluation of data from the building operation, beyond the conventional measures. However, due to the nature of their job, they do not have a clear concept of how to use or implement these tools, as they are primarily involved in the operation of the building and not in the development of new data management technologies. To optimize building operations, reliable and easily accessible data would be highly useful for building operators. In addition, new approaches from industry and research are needed, as building operators rely mainly on established concepts. Moreover, they can hardly imagine which new technologies might be useful for them. Despite a predominantly strong interest in technical innovations, there is a lack of well-founded training and also working time (mostly already occupied by “distinguishing fires”) to integrate new concepts into regular operations or to transfer concepts from research into practice. In addition, building managers need a sound basis for argumentation to justify investments, especially for the optimization of energy efficiency and comfort. This alone requires knowledge of data analysis and billable processing times, which are not part of a regular building operator job profile.
This is in contrast to the currently targeted state of the art versus state of operation in existing buildings. It can therefore be stated that a holistic improvement of the operation of existing buildings can only be meaningfully approached if, first of all, the necessary sensing technology is installed, including an appropriate extension of the BAS or, if outdated, a replacement of the existing BAS. Building on this, adequate data management tools need to be established and staff needs to be trained. Finally, a sufficient number of operators is significantly important for success in building operations.
5 CONCLUSION
From the results discussed above, it can be summarized that the interviewees have a high interest in new technologies for optimization of building operations. Most of the respondents also have a high level of education, perhaps not characterizing the broader building operator market in Germany. These two aspects provide a good starting point for the integration of energy efficiency-enhancing approaches for building operations developed in research. However, these approaches are often strongly data-driven. So far, this is in contrast to the day-to-day work of building operators. On the one hand, the buildings under consideration do not yet have the necessary data acquisition or the corresponding building equipment to enable, for example, automated room conditioning according to occupant preferences. On the other hand, most respondents are already facing an investment backlog, which currently often requires the improvement of building envelopes or technical systems. Furthermore, operators are already well engaged with their current tasks, which is why additional optimization concepts will probably require either more personnel or additional time for their implementation as well as application.
Another important aspect mentioned by the participants is the need for a sound basis of argumentation regarding decisive investments to improve energy efficiency. This is particularly required if the building owners do not have a vested interest in this goal. An improved data situation and the necessary knowledge and time for a suitable data analysis could create this basis. Short-term data acquisition with flexible measurement systems could be conceivable for this purpose. However, when collecting data it is necessary to find solutions to meet the relevant regulations and standards while gaining sufficient information.
It can be concluded that in current building operations, fundamentally different challenges are on the agenda than those addressed in research and development. Moreover, there is often a significant gap between existing possibilities (and technologies) in the operation of the building stock and the theoretical approaches used in research. This is mainly due to a different data situation in combination with a different access to system functions in real application versus laboratory or research projects. In order to integrate promising research approaches for increasing energy efficiency and occupant comfort via building operation into practical application, it is therefore necessary to close the gap. This should include simple to handle solutions for data acquisition, management, and knowledge generation adapted to the daily routine in building operations and suitable for use in existing buildings.
Numerous activities in the Annex 79 based on data gathered from the surveys are currently in progress. For example, they deal with the applied tools and the current state of practice. The issues examined concern both national and technological differences.
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APPENDIX A: ORIGINAL QUESTIONS FROM THE INTERNATIONAL SURVEY (IEA EBC ANNEX 79)

1) What is your title and employment relationship?
2) Please describe your experience/credentials that you find most relevant to this job.
3) How often are you personally occupying (each/the) building(s) you manage?
4) Do your own personal demands for comfort effect how you manage the building?
5) What are the top two goals that drive your operational decisions? Are these your personal goals or goals established by the company?
6) What two sources of information help you most in achieving these goals?
7) Describe the building(s) you manage in terms of number of buildings, use, size, and number of occupants:HVAC system type: CAV, VAV, hydronic; Public vs privately owned; Owned or rented by primary occupant. 
8) How comfortable do the building occupants seem to be?
9) How well do you feel that you understand the needs of building occupants?
10) Describe the most typical ways users make their space a more comfortable and your responses?
11) In what ways do you restrict how users can adjust the indoor temperature?
12) What are the reasons for limiting occupants’ influence?
Can you think of an example from your practice?
13) Does your building have occupancy sensors or CO2 sensors?
If so, how many are there and how are they used?
14) What is the most frequent complaint type you receive regarding the heating, cooling, and air quality of the facility?
15) When do these complaints typically occur?
16) How often do you communicate (e.g., in-person or surveys) with building occupants about your job?
17) Please describe the building automation system (BAS), if applicable. How old is it?
What features are most important to you?
Does it manage lighting and/or plug loads?
Which of these data are archived?
If there is not a BAS, skip Q18.
18) How could you use “real-time” or archived information from the BAS to make occupants more comfortable?
Which of these methods do you utilize?
19) Describe any typical start and stop schedules of temperature set points and ventilation rates?Are these schedules changed for occupant schedules, seasons, or special events?
20) How would you rate the energy efficiency of the building?
21) Describe non-technical (e.g., inter-personal, organizational) challenges in improving energy efficiency in your facility?
22) What is the most important information that you wish you had access to regarding occupants and occupant comfort?a) How would you benefit from having access to this information?b) Are there skills, tools, or knowledge you wish you had access to better understand and provide occupant comfort?
23) Is there anything else you would like to tell us about how you manage occupant comfort and its relationship with automation systems?
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