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Abstract

:

Many technical solutions have been developed to enhance the energy efficiency in buildings. However, the actual effectiveness and sustainability of these solutions often do not correspond to expectations because of the missing perspective of design, user’s real needs, and unconsidered negative side effects of their use (rebounds). With the aim to help address these challenges, this paper presents results of a longitudinal living lab study and proposes a user-centered building management system (UC-BMS) as a prototype for office buildings. Based on mixed methods, UC-BMS was co-developed, tested, and evaluated in Germany in up to six office buildings, 85 offices, and within two heating periods. The results demonstrate that such user-oriented approach can save up to 20% of energy while maintaining or even improving comfort and work productivity. The findings show three main areas of intervention and elements of UC-BMS: (1) How interactive design and feedback systems (e.g., air quality) can stimulate ventilation practices and energy efficiency in offices and (2) supporting heating system optimization e.g., by better understanding office behavior. (3) Finally, an office comfort survey was conducted to enable communication between facility management and office users and thus limiting complaints and adapting the heating system towards actual office user needs.
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1. Introduction


About 32% (8.8 Gt CO2 emissions) of final energy consumption comes from the building sector and energy demand is expected to double, while CO2 emissions will rise by 50–150% by the middle of the century [1] (p. 22). To enhance energy efficiency performance in buildings, many technical innovations have been developed. Advances in technology and the building characteristics offer improvements for lower energy consumption in buildings and include new building codes and appliance standards [2,3], but also lifestyle and individual behavior, which can reduce energy demand by up to 20% in the short term and up to 50% by mid-century [1] (p. 23). This is discussed as the energy use performance gap, meaning that while “the building might satisfy building regulations at the design stage, a gap frequently occurs between the energy use predicted at the design stage and the energy used when a building is operational” [4] (p. 31). It is here that the influence of building users widely acknowledged [5,6,7,8]; however, their precise impact is less certain.



In this context, studies focus on interfaces and smart feedback devices, which seek to influence people’s energy use [9,10] and aim to reduce resource use and greenhouse gas (GHG) emissions in buildings [11,12]. It has been shown that the ventilation behavior may be more relevant for the energy consumption than the year of construction of the building [13]. In addition, Buhl et al. 2016 [14] explored the relevance of users’ well-being and comfort temperatures for enabling routine changes in heating practices while, the advantage of energy saving strategies in offices can improve productivity and wellbeing at the workplace [15].



However, recent investigations have shown that interventions with the intention of lowering energy consumption often fail. Buchanan et al. [16,17] demonstrated in their analyses of in-home-displays for feedback on energy consumption feedback that there is limited evidence to suggest providing data on the energy flow alone is sufficient to reduce energy consumption. They propose that triggering user engagement directly should be a part of smart metering systems to reduce energy consumption in households. Furthermore, it is shown that smart thermostats also cannot fulfill their potential in saving energy and result in increasing energy consumption due to incorrect use [18].



Reasons for this include the poor understanding of user needs and emotions in real-life contexts [19,20]. Furthermore, behavioral-oriented solutions may even stimulate reactance [21] and feelings of manipulation and control (paternalism) [22,23] and developed solutions do not meet the initial expectations because of unexpected patterns in the usage phase, where efficiency gains are counteracted by increases in consumption or sustainable actions are balanced with unsustainable practices (the rebound effect [24,25,26]. Finally, solutions can have difficulties accounting for changes in behavior because interventions are rather “rhetorical,” supporting “green” attitudes but not leading to actual and intended behaviors (the “attitude-to-action-gap”) [27,28,29].



Against this background, the authors hypothesize that limited acceptance and incorrect use will increase in line with the growing complexity of smart systems. In this regard, an increasing focus on user-centered research design to consider the human factor(s) more deeply (e.g., comfort and user experience) is proposed. This aims to create a better understanding of energy efficiency and design interventions in the context of office buildings. Hence, the objective of this paper is to propose a concept for implementing energy efficiency and behavior change in office buildings utilizing a user-centered building management system (UC-BMS). The research questions are as following:




	
How can design intervention support to deliberately shape behavior to encourage energy efficiency in office buildings?



	
What potential energy savings could be reached with a user-centered building management system (UC-BMS)?



	
To what degree office behavior and practices can be changed by design interventions and thus support energy efficiency in office buildings?








The paper is structured in the following way: In Section 2, the conceptual approach is described including design approaches for behavior change and the background on sustainable living labs (SLL). The research design with six main research steps is presented in Section 3. Thereby, the research is oriented towards the three main iterative phases of a sustainable living lab (SLL) including quantitative and qualitative methods. The results and discussion in Section 4 summarizes the literature review findings on main design interventions for encouraging sustainable behavior and energy efficiency in office buildings (Section 4.1). Furthermore, results on potential energy savings are based on an estimation including three different scenarios that focus on lowering the room temperature in the offices outside and during working hours (Section 4.2). In addition, and beyond the (technical) optimization of the central heating system, Section 4.3 presents findings of the prototyping and the experiment with the user-oriented assistant system (called “Piaf”) for encouraging energy efficient ventilation practices. Finally, results are presented on testing and evaluating a survey on the comfort level of temperature in offices (“Comfort Check”); thus, providing first insights on how to establish a (digital) communication platform between facility management and office users (Section 4.4). The article ends with a conclusion (Section 5) on user-centered building management system (UC-BMS) and suggestions for further research.




2. Conceptual Approach


2.1. Interactive Systems and Design for Behavior Change


Currently, interactive systems are mainly discussed in the research field of human computer interaction (HCI) [30]. In recent years, interactive systems and interactive design have also been discussed to deliberately influence people’s behavior, for example interfaces and dashboards that visualize and feedback the individual energy use [31]. Interactive systems encompass products, services, and environments, both digital and physical—a system [32] that is meant to shape what we feel, think, and do, and inevitably influence our experience and behavior [33]. However, all products are interactive, allowing for and requiring interaction, while all products can contribute to, stage, shape, facilitate, or enable experiences and behavior.



“Behavior change” as a design objective has become fashionable in recent years—commercially, politically, and academically—addressing everything from fitness tracking, to getting passengers to board trains more efficiently and improving public services through concepts such as the application of the Nudge Theory [34].



Although design encourages a specific behavior, for example a chair affords sitting and a cup with a handle affords a certain a way of drinking, “behavior change” by design is a controversial discussion [35]. For instance, there is the described relationship of “affordance” [36], which addresses designers’ concern about making possible uses of their products (e.g., the chair or cup) immediately obvious or intuitive [37]. This concept was originally proposed by the psychologist, James Gibson, to denote what the environment “offers the animal, what it provides or furnishes, either for good or ill” [38]. The concept was then introduced to the field of design, and eventually HCI, by Donald Norman (1988) [37], in which he defines affordances as: “the perceived or actual properties of the thing, primarily those fundamental properties that determine just how the thing could possibly be used”.



On the other hand, psychological research on human behavior is becoming more and more accepted in design and public policy resulting in approaches such as “Persuasive Technology” [39] or “Nudge” [34]. Experts in various fields have investigated the epistemological, ethical, and legal underpinnings of the idea of persuasive and paternalist interventions; that is, products or policies that restrict the choices of individuals in their own interests and without their consent [40,41]. However, these interventions can infringe a key principle of liberal societies; that people are best placed to know their own interests [42]. Nevertheless, research argues that persuasive and paternalist interventions may be considered justifiable under circumstances, for example if it is possible to identify failures in people’s reasoning [41].



In the context of sustainability research, behavior change by design is discussed in terms of interventions that stimulate sustainable patterns in everyday life. Thereby, the degree of intervention varies with the boundary of how the ‘problem’ is framed, whether it is at the individual level of user–product interaction [39] or part of a more systemic societal transition [43,44]. The concept of Design for Sustainable Behavior (DfSB) [39,45,46] and Design with Intent [47] explore the role of design to deliberately influence user behavior. These behavioral-oriented models suggest ways of product–user interaction by interventions enabling change of behavior and attitude. These interventions are criticized by Kuijer and Bakker 2014 [48] as it delegates responsibility to individual and limits consideration of a larger system perspectives that address complexity and dynamics of daily life situations.



Furthermore, Aesthetics of Friction [22], Transition Design [43], and Practice-oriented Design [49]) look at slow-changing habits (routines) as a main driver determining consumption patterns and related resource intensity. Nevertheless, their focus goes beyond single product user interactions and explore socially shared practices. These approaches are based on Practice Theory [50,51], Self-Regulation Theory [52], and Activity Theory [53] and can be linked to Experience Design [54]. Thereby, practices are embedded in larger, socio-technical contexts and thus enable designers to develop a better understanding on a larger—potentially systemic—change [55] and to discuss how the product may then conflict with value systems. In this regard “Transition Design” aims at changing values towards sustainable development. It can be used in research to combine design methods and sustainability science, to promote science-based competences and co-creation in Living Labs or real-life laboratories [56,57,58,59].



According to Lockton et al. 2012 [60] design interventions can be structured into different categories by applying systems theory [61,62] to human–computer interaction [63]. As a result, a simplified set of three interaction archetypes evolved with the aim to move users from a less engaged mindset, towards a more reflective, motivated, thoughtful relationship with a product, service, or environment [60]. Table 1 summarizes the three types of interventions [60,64].




2.2. Sustainable Living Labs (SLL) and Human-Centered Design


Human-centered research and design is increasingly conducted within Living Labs settings in order to address problems of user acceptance, incorrect usage, and other unintended side effects of human technology interactions and in the event of fundamental innovations or high market and technology uncertainty [25,70].



Living Labs can be defined as a “user-centered, open innovation ecosystem based on a systematic co-creation approach, integrating research and innovation processes in real-life communities and settings, for example within an office building [71]. They are meant to enable prototype tests in the real world (in contrast to simulations) and thus allow for better clarification of contextual and human factors as well as to reduce risks of being trapped by wrong (personal) perceptions [56,72].



In sustainable living labs (SLL), social and environmental effects of innovations are measured and optimized [72,73,74]. Liedtke et al. 2015 [72] and Baedeker et al. 2017 [74] consider SLL research to be an effective way to create and implement new eco innovations due to stronger focus on users’ behavior, habits, or practices. The core of SLL is the co-development and testing of sustainable product and service innovations to provide insights into the usability and adoption for industry, public, and academic stakeholders [24,75]. The potential of SLL has been demonstrated in various cases including energy efficiency solutions [75].



According to Liedtke et al. 2015 [72] there are three iterative phases of research and development in SLL: (1) Insight research focuses on the analysis of the status quo of user behavior; (2) prototyping includes stakeholders in research, especially the end-user and business partners, to develop sustainable product and service innovations; and (3) testing provides an extended investigation of the latest innovations.



Living Lab research is multidisciplinary and strongly supports mixed method approach to create a better understanding of user habits and practices, for example through in-field experiments gathering behavioral information, indoor room temperature, and CO2 concentrations collected by sensory technologies [76]. Furthermore, participants of field tests can be interviewed for example on their experiences and exceptions to gain a better understanding of experimental results.



Depending on the research task and innovation phase, users and stakeholders are either actively and initially involved in the innovation process or are central to the process. Both can be supported by human-centered design (HCD) as it is an analytical and creative approach. However, there is no common definition on human or user-centered design and the term refers to many other (e.g., Participatory Design [77]). To emphasize the impact on stakeholders who might not typically be considered as users, ISO 9241-210:2010 [78] uses the term “human-centered” rather than “user centered” [79]. The aim is to ensure that the result fits human desires, needs, and capabilities, whereas engineering-driven design for example tends to emphasize reliability, cost, and efficiency [36].



According to the European Commission 2009 human-centered design is identified as one of the key elements of innovation development. However, according to Norman and Verganti 2014 [80], HCD has also its limitations if the emphasis is on incremental improvements enabled by iterated observation, ideation, and testing. Also, Kuijer and Bakker 2015 [48] or Liedtke et al. 2019 [43] suggest a broader system perspective that suggests applying practice-oriented Design or Transition Design as HCD can pay too little attention to complexity and dynamics of daily life and the context given by cultural, social, and material surroundings in which products are used.





3. Research Design: Methods and Data


This section presents the research design of the paper. It follows a mixed method combining quantitative and qualitative approaches as recommended by Living Lab research. The results are based on the two German research projects “EE Office” (2016–2019) and “Zukunft Bau” (2017–2019) [81,82] including (depending on the research phase) up to six buildings and 85 offices in Berlin and Bonn. In total, there are six research steps oriented towards the three main iterative phases of a sustainable living lab (SLL) (Table 2).



3.1. Phase 1 Insight Research


Step 1: Screening of efficiency strategies and design interventions. Based on a literature review strategies and design interventions that focus on energy efficiency and behavior change in office buildings were explored. In total, 26 studies and 8 research projects were identified and mapped towards the four design intervention categories (Coercive, Persuasive, Reflective, Others; see Section 2.1) and evaluated based on a 3-level ranking (high, medium, low) focusing on its potential for behavior change and energy efficiency in context of office buildings.



Step 2: Indoor climate monitoring and estimation of potential energy savings of an optimized heating system. The quantitative assessment focused on indoor climate factors that can influence energy consumption including relative humidity (%), outdoor and indoor temperature (°C) as well as air quality (CO2 concentrations in ppm). Monitoring was carried out with sensor data logging technology (Extech Model SD800) at one-minute intervals. The monitoring provided insights for analyzing the existing heating system. The estimation of potential energy saving based on an improved heating system and were explored by 3 scenarios focusing on reducing the temperature in an effective, smarter way. In total, the monitoring and estimation were made in Berlin for three buildings (12 offices) and in the heating period February until May (2018).




3.2. Phase 2 Prototyping


Step 3: Co-creation of prototypes and assessment of their overall acceptance. In collaboration with designers, technical experts, and potential users, three prototypes were developed and evaluated. Thereby, the focus was beyond technical feasibility to also address the overall acceptance of the prototypes (e.g., style, emotional product attachment). These evaluations were conducted due to one co-creation workshop (N = 12, Bochum) and one anonymous online survey (N = 26, September 2018 in Bonn) with potential users.




3.3. Phase 3 Testing and Evaluation


Step 4: Testing and evaluation of the interactive feedback system “Piaf”. The experimental, quantitative study aimed at providing results on the user interaction with “Piaf” and its effects on ventilation practices (behavior change) as well as environmental impacts. “Piaf” was tested in 27 offices and for four months (December 2018–April 2019). The tests shall add a more practice and design-oriented approach to the growing literature on the effects of design interventions including eco-feedbacks.



Step 5: Testing and evaluation of the “Comfort Check”. The individual room climate comfort level was evaluated with 24 office users and based on survey over 4 weeks (March to April 2018) in Bonn. The objective of the survey was twofold: First, to receive understanding of the room temperature comfort level. Therefore, the survey was sent out twice a day and by email. Participants were asked to state their actual perception of the temperature in the office within a five-level scale (too warm to too cold). Second, to explore the acceptance of the “Comfort Check” as a potential feature of a communication platform; as part of UC-BMS. Thereby the aim was to enable interaction between office users and facility management e.g., to limit complaints.



Step 6: Qualitative assessment of the design interventions supported better understanding of experimental results as well as exploring the strategies and design interventions for energy efficiency and behavior change. In total, 21 participants (19 office users and 2 facility management) were interviewed on their expectations and experiences (functionality, usability, user experience) before and after use of the interactive system “Piaf”. The workshops involved 26 participants.





4. Results and Discussion


4.1. Literature Review: Design Intervention Encouraging Behavior towards Energy Efficiency


This section presents the results of the literature review (Phase One: Insight Research—Step 1). Results showed that there are 16 patterns that can support the development of strategies and design interventions (Table 3). The reviewed literature indicates that today’s energy efficiency strategies mainly focus on technical adjustment and modernization of the system technology [83] or at promoting sustainability-relevant routines in buildings and at the workplace [14,84].



Thereby, results suggest merely implementing technical automations (coercive intervention) is not sufficient to change behavior [64,85]. The risks are that users do not reflect on their behavior or perceive a poor and frustrating experience when their expectations conflict with the priorities of the system e.g., automation of office temperature. Additionally, forcing behavior to follow a specific practice can lower the likelihood of individuals engaging with the intended action (reactance; [21]) or even lead them to engage in the exact behavior that one wanted to abandon [33,68].



Furthermore, information materials such as brochures, flyers, and workshops also have difficulties to helping to achieve potential energy savings [84,86,87], because they rather help “good intentions” (e.g., “I should…”) and “green attitudes”, but may not lead to intended behavior (see “attitude to action gap” [27,28,29]. Hence, a combination of different (interactive) interventions is suggested to effectively address energy efficiency and energy-saving behavior in offices, including:




	
Temporal Rhetoric Feedbacks that remind people about energy saving strategies, using prompts or sticky notes at the desktop [84,87].



	
Eco Data Feedbacks that illustrate individual’s energy consumption [10,88].



	
Social Normative Feedbacks that compare individual energy consumptions with others’ energy consumption (e.g., neighbors) [89,90].



	
Gamified Feedbacks that utilize persuasive mechanisms to translate abstract data into iconic symbols and a gamified experience to initiate long-term engagement (e.g., towards challenges, rewards, levels, emotional attributes [91,92,93]).



	
Frictional Feedbacks that aim to engage users on procedural level and in interaction with a physical object (also called “Aesthetics of Friction”; “Transformational Troublemaker” or “Transformational Products”). Here, situated, unwanted habits should be interrupted, and alternative, simple action plan suggested [22,27]. An example of a “Transformational Troublemaker” is a special key holder that suggests users to use a bike instead of a car: If the user grabs the bike key, nothing happens. If the user grabs the car key, the “key holder” releases the bike key, which then drops to the floor. Obviously, one can just leave it there. However, when picking up the bike key, it confronts users with a choice: Car or bike.








Some discussed risks of these persuasive mechanisms and interventions are that researcher and designer become part of a ‘nanny state’, making moral decisions about ‘what’s best’ for users [94]. Furthermore, users could perceive interventions as manipulation or losing control and autonomy (paternalism). Risks of these feedback interventions are, for example, decreasing motivation to interact with the system; it might lose its charm and will be ignored over time. Furthermore, negative experiences and rejection could arise if systems are designed to be too smart or strict (reactance, feeling of manipulation) [95].




4.2. Monitoring and Estimation: Optimizing the Heating System Operations towards Energy Efficiency


This section presents the results of the (i) monitoring and (ii) estimation of potential energy savings of an optimized heating system (Phase One: Insight Research—Step 2). Furthermore, the findings are discussed in context of the (iii) workshop results (Step 6).



In total, the analysis and estimation were made for three buildings in Berlin (N = 12 offices) and within the heating period of February until May in 2018. The three buildings have very different requirements in terms of both system technology and building physics. Building A complies with a passive house standard and is equipped with a building management system (BMS) including controlled room temperature and ventilation as well as possibilities to open windows. Both building B (renovated) and building C (not renovated) are old buildings where the room temperature is controlled via thermostatic valves and ventilation can be made by opening the window. There is no controlled ventilation system in building B and C.



	(i)

	
Monitoring of the existing heating system







The efficiency of the existing heating system was analyzed based on measurements including the ratio of indoor and outdoor temperature and by focusing on the weather-compensated flow temperature control. These control systems (automatically) reduce the heating power in the rooms when the heat demand decreases, thus preventing an oversupply of heat (energy). The analysis of hourly and average indoor measurements was compared to outdoor temperatures (weather station in Cologne-Bonn, Station ID 02667). The analysis was limited to heating days, i.e., days where the average outdoor temperature does not exceed 15 °C, following VDI guideline 2067/DIN 4108 T6.



	(ii)

	
Estimation of potential energy savings based on an optimized heating system







The potential savings (in %) were determined per office and calculated based on the integral of the temperature difference between the room temperature (actual or set temperature) and the outdoor temperature:


   Saving   Potential     %  =     ∫ ↑   ▒     S e t − T e m p e r a t u r e − O u t d o o r   T e m p e r a t u r e     ∫ ↑   ▒     A c t u a l − T e m p e r a t u r e − O u t d o o r   T e m p e r a t u r e     ∗ 100  











This analysis of potential savings is based on three scenarios (Table 4).



The analysis does not consider energy consumption that could result from continuous ventilation and the inertia of the building. The storage capacity of the building prevents the temperatures from changing as quickly as the profile suggests, but the method still provides a good indicator of whether and how much energy could be saved by a time profile.



4.2.1. Results on the Monitoring of the Existing Heating System


The results demonstrate an interdependency of the room temperature and outside temperature for 10 offices (N = 12). This means that rising outdoor temperature between the range of –10 °C to 20 °C leads to rising room temperatures. The Pearson correlations of both temperatures are in the medium to high range in 10 offices (see Figure 1 and its values in the upper left field).



In summary, all buildings have an oversupply of heating power when the outside temperature rises, regardless of whether it is a new (A, passive house) or an old building (B, C).



Two of 12 offices do not demonstrate an interdependency of the room temperature and outdoor temperature (Building B, C), but still there is an oversupply of heating power because these rooms are linked to the others via heating circuits.



Hence, the output of the heating system is not sufficiently reduced for all offices, which means that the room automation or the existing thermostatic valves are not working properly. Assumed reasons are, for example, the settings of the room thermostats are set to maximum levels; the thermostatic valves do not operate in the appropriate control range: A thermostatic valve set to level four attempts to reach a room temperature of 24 °C, the weather-compensated flow temperature control prevents this on colder days, but not when it gets warmer.



Finally, the analysis revealed that the heating system was not turned off in non-heating seasons (see datapoints at around 20 °C outdoor temperature in Figure 1).




4.2.2. Results of the Estimation of Potential Energy Savings Based on a Smarter Heating System


Savings potentials were demonstrated for all three scenarios and depend on the scenario and building (Table 5). In scenario 1, the average potential of energy savings is estimated with 5–6%; in scenario 2, with 9% (working hours) and 27% (non-working hours); and in scenario 3, with 16% (working hours) and 22% (non-working hours) (see Table 5).



In conclusion, the estimated energy savings range between 5–27% and can be achieved by adapting the system technology during and outside working hours. Accordingly, the efficiency of the heating system can be increased by a weather-dependent setting of the flow temperature control and by lowering the temperature levels outside working hours.



	(iii)

	
Results on potential energy savings based on the interviews and workshops







Based on expert interviews (N = 19) and workshops (N = 26) with office users and facility management, the estimation results on estimated energy savings were further assessed:



The findings of the interviews and workshops show that realizing potential energy savings of up to 20% can be archived when applying a user-oriented approach of building management system (BMS). Thereby, the energy saving does not exclusively result from the ventilation behavior. In addition, the monitoring has shown that out of concern for restrictions in comfort, the use of night setback and weekend setback options has been made only very hesitantly. This estimation of savings potential was based on the calculation of degree days (temperature difference between inside and outside during the heating period). In particular, this means that an improved Building Management System (BMC) for energy efficiency, as estimated by lowering the temperature in offices, should be complemented with an interactive user perspective to identify faulty settings of the system technology (partly intentional), non-energy-efficient user behavior, and improve complaint-management between office users and facility management. Thereby, all different stakeholders of the building (office users, technical staff, facility management) must be part of the system that promotes communication, interaction, and feedback. In this context, the interviews and workshop results offered two main challenges and recommendations:


Challenge 1: The heating system is controlled in a way to seek maximum of comfort at workplace but with losses of energy efficiency. With this strategy of heat (over)supply the facility management aims to avoid complaints by office users (avoidance strategy); mainly steered by a minority of office users but significant because of their hierarchical position or due to their many complaints.







Recommendation 1: A system allowing for better communication between office users and facility management to align efficient system operations, energy savings, and comfort at the workplace. This can be enabled with shared real-time data on technical and environmental parameters (energy consumption, temperature, CO2) as well as user wellbeing (perceived comfort level of room climate). In consequence, the facility management does not receive situational complaints, but a full overview of the building’s performance and user satisfaction to identify building sections with an oversupply of heat and influential factors (e.g., solar radiation).


Challenge 2: Although the office users’ knowledge for energy efficiency strategies at the workplace was high, the implementation and acceptance of effective measures (lowering the temperature, changing ventilation practices) can be challenging.







Recommendation 2: Enabling active and early user participation when implementing energy efficiency strategies through interactive feedback systems. The systems should be developed with a design perspective and address both: User wellbeing (comfort temperatures) and motivational factors to help achieve self-set goals and to change ventilation practices.





4.3. Experiment: Piaf—An Interactive System for Changing Ventilation Practices in Offices


This section presents results of the prototyping, testing, and evaluation phase of the interactive feedback system Piaf (Phase 2–3–Steps 3–5). This includes (i) a description of the co-creation process and results on the overall acceptance of Piaf, including (ii) the experiment results to demonstrate to what extent office ventilation practices changed based on the interaction with Piaf.



	(i)

	
Description of the co-creation process and results on the overall acceptance of Piaf







The co-creation of the interactive feedback system (2016–2019) was conducted in three iterative steps, each with prototypes (Hangar, Piaf 1, Piaf 2; see Figure 2), embodying learnings and insights from the prior iteration. In the process, the teams of researchers, technical developers, and industrial designers collaborated with potential users. Thereby, the focus was both technical feasibility and addressing the overall acceptance of the prototypes (e.g., style, emotional product attachment, product usability).



Prototype I (“HANGAR”)—developed by an engineering office—was built focusing exclusively on functionality and displaying a status. Prototype II (“PIAF” 1) and prototype III (“PIAF” 2) were developed by a design studio, involving user interaction, and focused on user interface (UI) understanding and emotional inclusion.



Prototype I (“HANGAR”) included a plain, functional sensor casing and was built with a technical engineer’s perspective. It offered a basic feedback on indoor air quality based on a circular LED matrix visualizing changes of temperature and CO2 concentration in the room. Based on tests with “HANGAR” in 16 offices in Bonn (December 2016–April 2017), the technical functioning of the sensors was evaluated positively. However, results also showed that future tests require a more human-centered and design-oriented prototype that improve the product acceptance and understanding. Accordingly, the next iterations and prototypes were conducted in collaboration with industrial designers who proposed changes in the concept, driven by a more human-centered approach. In addition, the feasibility for the production and the assembly of a small series of first 60, then 100, samples had to be considered.



As a result, Prototype II (“PIAF 1”) was proposed by the industrial design team with the strategy to translate a user-centered research approach into a tangible story: The canary in the coal mine. The phrase refers to former practice of coal miners using birds as indicators and early warning of dangerous air conditions underground. Thus, PIAF is an interactive system fitted with logging capabilities (CO2, temperature, air humidity) and in the shape of a bird allowing for personal room climate assistance by providing direct feedback on room air quality (CO2 concentration). Piaf is no longer an anonymous technical device, but a personal assistant with a name, available in five different colors. The shape and the related meaning (narrative) communicates the technical idea of the smart airing assistant in an emotional way. It was presumed that this emotional narrative would lead to more interactions; thus, supporting changes in everyday ventilation practices.



PIAF 1 is enhanced with two different (visual and sound) signals calling the user to action. The visual signal suggests users to open the window (bad air quality) and the sound signals (chirping) suggest users to close the window (good air quality). Thereby, Piaf interacts with the users’ attention to encourage energy efficient indoor climate and thus calls for changes in behavior and ventilation practices.



Piaf can be placed on the monitor at the user’s workplace. The bird’s belly faces towards the user and lights up via integrated RGB LED and depending on the air quality (CO2). The five level colors range according to CO2 concentration and DIN EN 13779:2007-09. In addition, the LED pulsates and thus stylizes breathing e.g., a white and green color in combination with a slow pulse (calm breathing) signals good or very good air quality (1200 ppm CO2) and no ventilation is required (see Table 6). Furthermore, users (and facility management) can see PIAFS data logging results on a live data platform (see Figure 3).



Based on a co-creation workshop (N = 12, Bochum) and internal discussions, different feedbacks were collected on the overall acceptance (style, usability, and meaning) of the design of PIAF 1. Based on the positive feedback, it was decided to continue to work with Piaf, to start an experiment with Piaf in offices in Bonn (N = 45) and in Berlin (N = 27; see experiment results below).



After the experiment with PIAF 1 an anonymous online survey on the user experience (UX) was conducted with the participants (N = 26, Bonn). The survey focused on ergonomic and cognitive perception, overall acceptance, as well as their estimation on the usefulness of the airing assistant for improving ventilation practices. The results of the survey showed an overall acceptance of the prototype. For examples, participants stated that they would like to get an additional Piaf for their private home, to show and recommend the solutions to friends and family (exhibiting feeling of pride). However, the survey results also revealed opportunities for improvements. Apart from technical improvements, two essential modifications have been made, based on the user feedback:




	
The sound signal indicating to close the window was prolonged and amplified, to increase sound interference with users.



	
A confirmation button was integrated, developed to check if modified airing practice is tied to Piaf. In addition, the capacitive switch, integrated as a confirmation button, offered additional sensual involvement, and reinforced user interaction and emotional attachment.








Prototype III (“PIAF 2”) is a derivative of PIAF 1, but enriched with bidirectional feedback capabilities, inviting users to confirm their action. This was an essential evolution for proving whether changes in ventilation practice are tied to intervention with PIAF.



In conclusion, the co-prototyping demonstrates the success and advantage of the iterative and human-centered design approach, because it allows for precise monitoring of evolutions, corrections, and adaptations of the system, by identifying problems and failures, as well as evaluating the need as well as the expendability of particular features in the prototypes.



	(ii)

	
Experiment results on the ventilation practices the with Piaf 1 in Berlin







The ventilation practices were observed in 34 different offices in Berlin and over two heating periods in 2018 and 2019. This included 27 offices equipped with Piaf 1 (Prototype II) and 12 offices without Piaf (see Table 7). The rooms are individual offices and the CO2 measurements indicate regular use of the offices (during normal working hours). The offices of the building A face towards north, an inner courtyard, and to the south but without sunlight due to other blocking buildings. The offices of building B are directed to the north and the offices of building C are directed to south-west.



Furthermore, the Piaf system was tested in two different building types:




	
Old building: The Piaf system was tested in an old, not renovated building and without ventilation systems. This building was selected because retrofitting a ventilation system involves high installation effort and is therefore hardly ever carried out. The approach with Piaf works with a minimum of intervention in the building services engineering.



	
Building with passive house standard: Piaf was also tested in a building with passive house standard because previous studies have shown that passive houses have problems in archiving target values for energy consumption, mainly due to user behavior. While in the case of single-family houses, the builders have consciously chosen a passive house with controlled ventilation, this is not the case with office buildings. Indeed, the window should not be opened here either. However, in the investigated building, the users insisted on retrofitting window handles, as the air was subjectively perceived as too bad. Thus, the experiments were deliberately carried out in the passive house to visualize and feedback to the users that the air quality is normally good and that there is no need to open the window. Furthermore, the data recorded by Piaf can generally be used to determine whether rooms are over or undersupplied and, if appropriately networked, to ensure that operations are managed according to requirements.








The data on ventilation practices (e.g., air quality in CO2, ppm) were collected with sensor technology, either included in Piaf or supported in offices without Piaf by Extech technology (see Table 7). The data collected were not fed into the building automation system, but this is certainly intended for future projects.



Based on the collected data an algorithm was developed, which enabled the identification of the ventilation practices. This analysis focused on (changes) of the CO2 levels during the ventilation practice. Furthermore, the analysis did not consider data if outside temperature exceeded 15 °C.



In total, 1.271 ventilation practices were identified including 1.039 ventilation practices based on 27 offices with Piaf sensors and 232 ventilation practices based on 12 offices without Piaf (Extech sensors).



For better understanding of what data were collected with Piaf, Figure 4 illustrates exemplary results of Piaf based on one office and two days. It summarizes both the time-CO2-curve (top) and the time–temperature curve (bottom). Furthermore, it illustrates Piaf’s thresholds for the visual (red, yellow, green, white, blue) and sound signal feedbacks.



The following interpretation can be made for the results of the example above: At weekends, the office is not used, so temperature is stable (~23 °C) and CO2 concentration falls to a very low level (~400 ppm). On Monday morning, the office user starts working with a strong ventilation practice. This can be seen in the brief drop in room temperature from approximately 23 °C to 20 °C. The CO2 concentration increases slowly.



At lunch, the office user opens the window for ventilation although there is good air quality (~1000 ppm) and no warning by Piaf because the waring threshold of 1300 ppm was not reached. In the afternoon, the CO2 concentration rises to ~1500 ppm. At this level, Piaf interacts with the user through a visual warning signal (red coloration a high “breathing rate”). As a result, the user opens the window and starts the ventilation process. The CO2 level thus drops, combined with a significant drop in the room temperature. After falling below, the threshold (<700 ppm) Piaf sound warning (chirping) starts, the office users close the window, and the CO2 concentration increases again.



In total, the results of the experiment show that the users accept the assistance system Piaf and encourages them to more needs-based ventilation practices. The interaction with Piaf leads to changes of the ventilation practices (see Figure 5) in both directions and thus can provide more comfort at the workplace. Furthermore, the experiment demonstrated the potential of Piaf to lower energy input: There is a reduction in the high CO2 concentrations (where ventilation was previously carried out much too late: >1450 ppm) and a reduction in the low CO2 concentrations (where ventilation was previously carried out too early: 750–1000 ppm). This contributes to ventilation practices that are carried out according to needs. However, the tests with Piaf also demonstrated that the interactive design of Piaf (color and sound signals) is crucial to effectively guide users towards energy-efficient ventilation practices. There is the risk that Piaf’s signals can encourage users to open the window (more often); but do not encourage users to close the window again based on its unobtrusive “closing signals” (chirping). This may improve air quality but also increase ventilation heat losses, hence energy use. Against this background, a new version of Piaf (Prototype II) would include a more “aggressive” chirping sound signal to make users aware to close the window again. However, interviews with the users also showed that stricter (patronizing) feedbacks can lead to limited acceptance, thus limited changes of the ventilation practices.



In addition, the experiment demonstrated that the feedback including floating colors and non-strict commands can make users start a ventilation practice earlier (yellow/orange range).



Furthermore, the results highlight that ventilation practices continue to exist during conditions of already good air quality in the office room (below 750 ppm: 34% vs. 35%). These findings can be the result of established daily office routines as users initially start the ventilation practices in the morning when arriving in the office room. At this time, the interaction with Piaf may not even have been started because the office users open the window right after entering the room, before sitting at the desktop and looking at Piaf.



Other findings are the following:




	
For one office (building C) it became visible that the suggestions of Piaf were followed at the beginning (5–6 weeks), but later “ignored” as observed CO2 levels increased. This could indicate a beginning of disinterest after initial enthusiasm for the system (Figure 6).



	
For one office the introduction of Piaf did not significantly impact the ventilation practices. This might be because the natural office ventilation of the passive house (Building A) did not require additional ventilation practices. The CO2 concentration remains constant below 900 ppm, except for a few outliers (see Figure 7).



	
The analysis of changing ventilations practices based on data from sensors offer findings on the starting point of the ventilation practice (decreasing CO2 levels). However, the collected data make it difficult to identify the stopping point of the ventilation practice. This means results on the duration of the ventilation were limited. Future research can improve the experiment design e.g., with sensors in the window to identify opening and closing of the window or by utilizing tracer gases to determine the air exchange rate in the room building (tracer-gas leak testing).



	
The mounting of Piaf was designed for monitors at the workplace. However, the waste heat of (older) monitors confused the sensors of Piaf, making ventilation recommendations difficult.



	
Direct sun light on Piaf can also bias the results (temperature and humidity).



	
The experiment requires full WLAN connection (24 h, 7 days a week) in all participated offices. Otherwise, collected data cannot be stored and analyzed.








In summary, the findings of Piaf demonstrate that interactive systems can positively encourage behavior change and Piaf can represent an essential element of a user-centered building management system (UC-BMS). Furthermore, effectively supporting behavior change requires engaging systems including meaningful design that elicits positive emotional attachment in users as demonstrated with the tangible story (narrative) of the canary in the coal mine. However, results have also been shown that for some users, and after initial enthusiasm for the system, the motivation to interact with Piaf can also decrease over time.




4.4. Room Climate Comfort Check


This section summarizes the results of the survey “Comfort Check” that focuses on the felt comfort level of temperature in the office (see Figure A1; Appendix A). Furthermore, the survey offered insights into functionality and acceptance for a digital platform enabling communication between facility management and office users (Phase 3–Step 5).



The survey results show that the perception of temperature can depend on different building characteristics: In buildings A and B, around 20% of the votes and only 9% in building C perceived the room temperature as “too warm” (Table 8). This difference can be explained by sunlight radiation (at building A and B) and building properties (building C is an old building).



Against this background, the survey illustrates opportunities to enable live feedback on perceived room temperature and thus can support identification of further energy-saving potentials, for example the heating power in building A and B could be reduced. In addition, such a survey can help to avoid unnecessary complaints about room temperature.



Findings from interviews with facility management suggest a survey (Comfort-Check) that can enable better communications between facility management and office users. In this way, the operation and performance of the heating system can be adapted towards the actual needs of the office users and not towards a few opinion leaders. However, depending on the heating circuit in the building, adaptions can be made for sections in the building only.



Results on the functionality and acceptance of the daily survey showed positive outcomes. The survey participants did not perceive the daily email traffic as disturbing for several reasons: (i) Rewarding: The survey participation was optional but rewarded by an organic soup box, if all 40 votes were completed; the survey was communicated as “Soup Challenge”; (ii) appealing design and appropriate scheduling: The survey was developed in collaboration with a design agency; (iii) transparency and competition: An online platform allowed participants to check their own results and to compare the results with other participants (working colleagues) (see Figure A2; Appendix A).





5. Conclusions


5.1. Summary


Based on a living lab study on interactive design to encourage energy efficiency in offices, this paper demonstrates how coercive (automation) and reflective (behavioral-oriented) design interventions can save up to 20% energy in office buildings while maintaining or even improving comfort and work productivity.



The results indicate that utilizing energy saving potentials requires a system approach, a user-centered building management system (UC-BMS) that interlinks the technical and user (design) perspective and various stakeholders of the building (office user, technical staff, facility management, building operators). This reveals the dependencies of specific building characteristics, indoor climate, the individual user behavior, system technology, and its operations made by facility management. Against this background, this paper presented results on three main intervention levels and elements of UC-BMS (see Figure 8):




	
Central system optimization due to weather-dependent settings of the flow temperature control and by lowering the temperature levels outside (and during) working hours. Based on an estimation including 12 offices and three scenarios, the results indicate energy savings of 5–27%. Thereby, the facility management should be supported in the system operations to maximize comfort and energy efficiency as well as to minimize complaints by office users. Accordingly, the literature review, interviews, and workshops have shown that realizing the full potential of energy savings require a user-oriented approach; otherwise, interventions may not be accepted.



	
Against this outcome, a user-oriented and interactive assistant system (called Piaf) was co-prototyped and tested to show to what extent daily routines of ventilation practices at the workplace can be changed. The experiment results of Piaf (N = 27) indicate three main insights: First, there are positive effects of Piaf encouraging behavior change (ventilation practices). Second, effectively supporting behavior change requires engaging systems with a meaningful design that can elicit positive emotional product attachment. In this way, Piaf was designed based on a tangible story titled “the canary in the coal mine”. Feedback systems are thus no longer an anonymous technical device, but a personal assistant with a personality. Third, sharing Piaf’s climate data of each office room with facility management can support the operations for an optimized central system and the development of a digital communication platform.



	
A survey on the individual comfort level of temperature in offices (“Comfort Check”; N = 24) provided insights on how to expand a digital communication platform between facility management and office users. The results made it clear that the perception of temperature has building-specific characteristics, that live feedback can localize further energy-saving potentials, and can help to limit complaints and to adapt the heating system towards actual user needs and not a few “opinion leaders”. Nevertheless, depending on the building heating circuit, adaptions can made for building sections only.









5.2. Future Research


Based on living lab research and further dynamic, longitudinal studies regarding user perception of interactive systems (e.g., Piaf) could further emphasize the overall ‘shape’ of change rather than single points in time (e.g., first impression). This could include the exploration of motivational journeys of users and if new practices (energy efficient ventilation) still become daily routines even though the interactive systems are not in use after initial interest. In addition, the duration of the ventilation could be further explored based on tracer-gas leak testing. Furthermore, future research can explore Piaf’s effects on the acceptance of other (automated) energy efficiency strategies, for example lowering the temperature in offices.



Though the tested user-centered energy efficiency strategy seems to be useful for user wellbeing, many other factors determine satisfaction at the workplace, for example, office furniture, light, and factors such as leadership models. Thus, future studies on energy efficiency could be linked to experiments including a broader perspective on wellbeing at the workplace and its implications on work productivity e.g., based on experience design and design for wellbeing approaches [54].



Furthermore, co-creation and development could focus on improving UC-BMS as a digital communication platform by enabling cloud technologies to allow for efficiency measures and the processing of all data such as heating system performance, room climate, and ventilation and heating behavior.



Finally, transferability of UC-BMS could be explored as part of a broader application to other office buildings and contexts, for example with systematic guidelines for different types of buildings, heterogeneity of users (values, attitudes, norms), and climate zones. Furthermore, a business model could be explored as part of a long-term energy efficiency strategy and contribution to climate-neutral offices buildings.
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Figure A1. Screenshot of the survey “Comfort Check” (Image: Handt & Wolber). 






Figure A1. Screenshot of the survey “Comfort Check” (Image: Handt & Wolber).
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Figure A2. Screenshot of the survey “Comfort Check” (Image: Handt & Wolber). 






Figure A2. Screenshot of the survey “Comfort Check” (Image: Handt & Wolber).
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Figure 1. Results of temperature signatures in 12 offices (based on monitoring with Extech Data Logger; February until May 2018). 
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Figure 2. Overview of the three different prototypes (Image: EBZ Business School/twistid GmbH & Co). 
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Figure 3. Screenshot of the Piaf online platform (Image: Handt and Wolber). 
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Figure 4. Interacting with Piaf in one office and over two days (yellow dots: Ventilation practices (opening/closing the window) based on the Piaf signal. Green dots: Ventilation practices outside of the warning zone). 
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Figure 5. Overview of the ventilation practices with Piaf and without Piaf (data collected with Piaf and Extech sensors). 






Figure 5. Overview of the ventilation practices with Piaf and without Piaf (data collected with Piaf and Extech sensors).



[image: Sustainability 12 06956 g005]







[image: Sustainability 12 06956 g006 550] 





Figure 6. Overview of temperature and CO2 values (Building C). 
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Figure 7. Overview of temperature and CO2 values (Building A; passive house standard). 
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Figure 8. Overview of the user-centered building management system (UC-BMS). 
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Table 1. Overview of three types of interventions (derived from [60,64]).
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	Coercive Interventions
	Assumes that the user does not think beyond basic reflex responses coming from the design stimulus. There is no need for understanding, design silently structures behavior (e.g., microwave works with door closed only). Users follow the designers’ behavior specification without necessarily being aware of it. The aim is not to provide users with a range of choices, but force functions [65], to make a job easier and for providing safety.



	Persuasive Interventions
	Assumes that users are bounded rational [66] and want the easiest way to do things and to minimize cognitive expenditure. Thus, user decision-making addresses automatic and unaware aspect of human behavior with the goal of playing along with people’s natural actions and reactions [67]. This model of a user takes “shortcuts” rather than thinking deeply about problems and how to solve them [60]. The aim is to help people navigate in available options (choice architecture) and to pick the best result due to reducing complexity (archiving simplicity) without forbidding, banning, or hiding any options or significantly changing their economic incentives [67]. In behavioral economics, this approach is known as Nudge [34] in design as Persuasive [46].



	Reflective Interventions
	Assumes that users reflect on actions and change their behavior in response to reasoned arguments and persuasive rhetoric [68]. Thus, users are not acting on impulse and automating processes as utilized by “Nudge”. Mostly this relies on the provision of feedback to allow users to explore the implications of their actions. Choice and reflection are left to the user and is meant as the beginning of an explicit process of meaning-making. Meaning addresses user’s mental activities, emotions, and motivational knowledge [51] to e.g., implement changes in consumption practices [69].
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Table 2. Overview of the research phases and steps including applied methods and scope.
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Phase

	
Steps

	
Methods

	
Scope






	
Insight Research

	
(1) Screening of efficiency strategies and design interventions

	
Literature review

	
26 Research studies,

8 Research projects




	
(2) Indoor climate monitoring and estimation of potential energy savings for an “Optimized Heating System”

	
Monitoring based on data logging (Extech); estimation based on 3 Scenarios (reduction of room temperatures)

	
February–May 2018

3 Office buildings (Berlin)

12 Offices




	
Prototyping

	
(3) Co-creation of prototypes and assessment of their overall acceptance

	
Co-creation workshop and survey on the overall acceptance incl. usability, user experience, ergonomic and cognitive perception

	
Workshop (N = 12, Bochum)

Survey (N = 26, Bonn)




	
Testing & Evaluation

	
(4) Testing and evaluation of the interactive feedback system “Piaf”

	
Real-world experiment, quantitative assessment on (changes) of ventilation practices

	
December 2018–April 2019

3 Office buildings (Berlin)

27 Offices (Piaf)

12 Offices (no Piaf)




	
(5) Testing and evaluation of the “Comfort Check”

	
Daily Survey on the individual room climate comfort level

	
March–April 2018

3 Office buildings (Bonn)

24 Office users




	
(6) Qualitative assessment of the design interventions

	
Interviews and Workshop

	
Before and after the testing Piaf:

Interviews (N = 21; Berlin) Workshop (N = 26; Berlin)
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Table 3. Summary of literature review: Design interventions and its potential for behavior change.
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Intervention Types

	
Design Pattern

	
Examples

	
Potential (Low, Medium, High)

	
Reference






	
COERCIVE

	
Automation

	
Interlock (AC turns off with open window); automation based on usage data

	
High, if complementary to reflective interventions.

	
[95,96,97,98,99,100]




	
Choice editing

	
Banning energy inefficient devices

	
High, if complementary to reflective interventions.

	
[94]




	
Feature deletion

	
Removing stand-by buttons

	
High, if complementary to reflective interventions.

	
[94]




	
Matched affordances

	
New fitting design for bulbs; old, inefficient bulbs do not match to present lamps.

	
High, if complementary to reflective interventions.

	
[94]




	
Hiding things

	
Heating control

	
High, if complementary to reflective interventions.

	
[94]




	
PERSUASIVE/ NUDGE

	
Incentives/Gamification

	
(Financial) rewards, vouchers, rankings

	
Low if there is a lack of financial resources; Low if vouchers incl. unattractive registration; High if gamified experience

	
[87,94,96,97,100,101,102,103,104,105]




	
Default option

	
2-page print

	
High

	
[94]




	
Reframing by aesthetics

	
Aware Puzzle Switch: interrupt aesthetic pleasure of light switch when the light is on.

	
Medium

	
[106]




	
Perceived affordances

	
The design of a recycling bin influences recycling compliance

	
Medium

	
[107]




	
REFLECTIVE

	
Rhetoric Feedbacks

	
Prompts, requests/ reminders, sticky notes at desktop

	
Low if permanent

High if temporarily

	
[84,87,96,97,98,99,100,102,103,104,105,106,108,109,110]




	
Data/ Eco Feedbacks

	
CO2 scoring, visual dashboard with individual CO2, monitoring

	
High

	
[64,83,86,96,100,101,109,111,112,113,114,115,116]




	
Social Feedbacks

	
Comparing own CO2 emission with others

	
High

	
[86,101,111,112,113,114,115,116]




	
Gamified Feedbacks

	
Eco Island Game

	
High

	
[117,118]




	
Frictional Feedbacks

	
Pleasurable Troublemakers

	
High

	
[95]




	
OTHERS

	
Information materials

	
Posters, flyers including recommendations on energy saving

	
Low: Information only without interaction and user integration

	
[84,86,87,97,98,99,100,101,102,103,104,105,108,112,114,115,119]




	
Qualification and educational activities

	
Workshops, seminars

	
High–Medium

	
[84,87,96,99,100,102,104,112,115],
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Table 4. Scenarios for temperature during and outside working hours.
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	Scenario 1
	No reduction in temperature. The room temperature is kept at a constant level of 21°C.



	Scenario 2
	A temperature of 21°C is maintained during working hours. Outside working hours and at weekends, the temperature is reduced to 17°C.



	Scenario 3
	The temperature is reduced to 20°C during and 18°C outside working hours
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Table 5. Results on potential energy savings (in %) based on lowering the temperature in three scenarios (N = 12 Offices; WH: Working hours (9–16 h); NWH: Non-working hours e.g., at weekends).
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Scenario 1

	
Scenario 2

	
Scenario 3




	

	
21 °C (WH)

	
21 °C (NWH)

	
21 °C (WH)

	
17 °C (NWH)

	
20 °C (WH)

	
18 °C (NWH)






	
Building A

(N = 3 offices)

	
7–9%

	
9%

	
27%

	
15%

	
22%




	
Building B

(N = 5 offices)

	
1–2%

	
7%

	
26%

	
14%

	
20%




	
Building C

(N = 4 offices)

	
6–7%

	
11%

	
27–29%

	
18%

	
22–24%




	
Average

(N = 12 offices)

	
5–6%

	
9%

	
27%

	
16%

	
22%
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Table 6. Characteristics of Piaf (Images: EBZ Business School 2019).
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	Colour
	Pulse and Sound Signal
	Meaning
	CO2 Concentration

(Approx. in ppm)





	 [image: Sustainability 12 06956 i001]
	Slow (45 s/pulse)

No sound
	Air quality is very good—no need for action.
	750–1000 ppm



	 [image: Sustainability 12 06956 i002]
	Medium (35 s/pulse)

No sound
	Air quality is good—no need for action.
	1000–1200 ppm



	 [image: Sustainability 12 06956 i003]
	Fast (27 s/pulse)

No sound
	Air quality is decreasing—still no need for action.
	1200–1450 ppm



	 [image: Sustainability 12 06956 i004]
	Very fast (16 s/pulse)

No sound
	Air quality is bad—please open the window.
	>1450 ppm



	 [image: Sustainability 12 06956 i005]
	Very slow (60 s/pulse)

Sound: chirping
	Air quality is good now, the room starts to cool down—please close your window.
	<750 ppm
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Table 7. Overview of the participated offices in the Piaf experiment (two heating periods in 2018 and 2019).
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	Interaction with Piaf

(Collected Data Based on Piaf Sensors)
	No Interaction with Piaf

(Collected Data Based on Extech Sensors)





	Heating period
	December 2018–April 2019
	February 2018–May 2018



	Offices in Building A

Passive house standard
	9
	3



	Offices in Building B

Old building (renovated)
	-
	5



	Offices in Building C

Old building (not renovated)
	18
	4



	Total offices
	27
	12
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Table 8. Result of the room climate comfort survey (N = 24 offices; daily/ 4 weeks, March–April 2018).
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	Buildings
	Much Too Cold
	Too Cold
	Just Right
	Too Warm
	Much Too Warm
	Total Voting





	Building A
	-
	3%
	75%
	20%
	2%
	314

(100%)



	Building B
	-
	6%
	73%
	21%
	-
	N = 896

(100%)



	Building C
	>0.1%
	4%
	87%
	9%
	-
	N = 962

(100%)
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