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Abstract

:

Accompanying efforts worldwide to deploy sustainable building technologies shows a pressing need for expanded research on occupant behavior. Discourse is lacking concerning drivers of occupant behavior for energy conservation, especially in the case of commercial buildings. This paper explores potential determinants of occupant behavior for energy conservation in commercial buildings. This is investigated in a case study of a two-month energy conservation competition involving eight office buildings at the Oak Ridge National Laboratory. Four buildings achieved energy savings based on the previous year’s baseline. Potential challenges and success factors of occupant behavior for energy conservation during the competition were explored based on an explanatory research design incorporating energy data, participant interviews, and surveys. The findings suggest that both social and technological aspects may be important drivers of energy conservation. The determinants of occupant behavior for energy conservation in commercial buildings suggested for further research include bottom-up involvement, stakeholder relationship management, targeted information, real-time energy visualization, and mobile social platforms. This paper presents initial implications, with a need for further research on these propositions and on their impacts on occupant behavior. This paper aims to contribute to both academia and practitioners in the arena of commercial building sustainability.
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1. Introduction


There is an emerging area of academic discourse integrating social dynamics and behavior in the analysis of technical systems [1,2], hereon referred to as sociotechnical systems. Buildings are examples of such systems [3,4], with a complex interplay of social, technical and environmental factors. In the United States, residential and commercial buildings account for 40% of national energy consumption [3]. Over 20% of national consumption is attributable to commercial buildings, which also show the highest energy intensity and growth rates [5]. With pressures of climate change and sustainability goals, there have been numerous efforts to improve building energy efficiency via technological modifications. For example, building energy management systems (BEMS) integrate smart technologies to manage energy consumption [6]. However, the impact of technological innovation in buildings also depends on occupant behavior, indicating a sociotechnical system core [6,7]. Occupant behavior in buildings is a relatively new but growing research area, with a majority of literature focusing on energy conservation in residential buildings [8,9,10,11,12].



Research on occupant behavior in commercial buildings has shown recent growth. An example of a valuable contribution is the field study of occupant behavior in a research office building by Pivac et al. [13]. The authors analyzed thermal comfort and energy consumption patterns during a typical working day, finding that thermal comfort largely depends on occupant behavior, such as natural ventilation [13]. The authors further noted a need for further research on energy conservation approaches and on drivers of occupant behavior change [13]. While research on occupant behavior in buildings has been expanding, a recent study showed that only approximately 7% of this research explores the determinants of behavioral change [8]. There is a particularly large research gap pertaining to these drivers in the context of energy conservation in commercial buildings, and filling this gap can contribute to further reducing energy demands and associated carbon emissions. In addition, several authors [10,11] have highlighted a need to further quantify energy consumption changes due to specific intervention techniques. One potential technique is competition, based on information and comparative interventions, which is also an area in need of further analysis in the setting of commercial buildings.



There is a clear research gap pertaining to determinants of occupant behavior and intervention technique impacts for energy conservation in commercial buildings. This paper aims to contribute to reducing this gap by exploring determinants of occupant behavior in the context of a specific intervention—an energy conservation competition. The potential challenges and success factors of occupant behavior for energy conservation were explored based on a case study of an energy conservation competition at the Oak Ridge National Laboratory (ORNL). A triangulated research design was adopted in order to develop useful insights by leveraging quantitative energy data alongside qualitative analysis of occupant perceptions. At large, this paper aims to contribute to the literature with practical implications related to occupant behavior, based on an analysis of a real-life energy conservation intervention. These implications may, in turn, be further explored in academia as well as by practitioners. As follows, the relevant literature related to residential buildings, commercial buildings, as well as behavioral/social theory is reviewed in Section 2. Second, the case and methodology of this paper are described in detail in Section 3. Thereafter, the results are presented based on quantitative and qualitative data analyses in Section 4. These results are discussed with a basis in theory in Section 5, concluding with implications for occupant energy behavior in commercial buildings and suggestions for future research in Section 6.




2. Literature Review


2.1. Occupant Behavior in Residential Buildings


In a meta-analysis of studies focusing on occupant behavioral change for energy conservation in households, Delmas et al. [14] found an average consumption reduction of 7.4%, with the most effective driver being real-time feedback on energy use and environmental impacts. Several other authors have explored incentivization strategies, such as occupant behavior related to carbon emissions reduction [15], the impact of non-price incentives on energy conservation [16], and competition for energy behavior modification among households [4,17,18]. Sintov et al. [18], for example, analyzed an energy conservation competition at a student dormitory, finding a 6.4% average reduction influenced by heightened environmentalism and perceived social norms. Konis et al. [4] found that competitions leveraging trusted community members and social norms in a continuous engagement with participants showed higher success rates for energy conservation in student dormitories.



These findings in the literature indicate that, in addition to economic savings, environmental and social dimensions also influence occupant behavior. Smart phone applications and interactive interfaces for social learning and communication can contribute to occupant behavior change [7]. Smart technologies and applications can also enable real-time feedback as well as model-based indications of future outcomes, which can be important pillars in behavior intervention strategies [6]. Real-time feedback and comparison with neighbors can contribute to competitiveness, which is also a factor in behavioral change for reduced electricity consumption [4,17].



Considering the influence of occupants on building energy conservation, occupant behavior would be an important factor to also incorporate in building energy simulations [13]. For example, in a series of simulations, Becherini et al. [19] found that load reduction and natural ventilation in historic buildings can improve the effects of thermal coating. The authors modeled and suggested several scenarios through which thermal coating and occupant behavior can contribute to building thermal performance. In simulations by Roberti et al. [20], the authors similarly found that natural ventilation can add to energy conservation in a historic building, in addition to external insulation, building airtightness, and windowpane replacement measures. Nonetheless, as highlighted by Pivac et al. [13], simulation outputs are uncertain without fieldwork that also incorporates end-users.



It is important to note that energy behavior varies in a number of ways between commercial and residential buildings. The key differences include the lack of monetary incentives for energy use reduction for workplace occupants [14,21], and the incorporation of managerial system control, group norms, role models, and work-related activities in commercial buildings [11]. As follows, the research domain of occupant behavior related to energy consumption in commercial buildings is explored further.




2.2. Occupant Behavior in Commercial Buildings


Occupant behavior is a necessary consideration in addition to technology for effectual, cost-effective energy conservation strategies [3,4,8,9,10]. There is a wide consensus in academia that there is a need of further research on occupant behavior, with a particular gap being the context of commercial buildings [10]. Building occupants have a significant influence on unregulated loads, such as plug loads [4,5], which if not properly managed, can negatively impact energy conservation program efforts. In literature reviews by Hong et al. [11] and Zhang et al. [8], the behavior-related potential energy savings in commercial buildings was found to be in a range of 5–30%.



While there is less academic dialogue on the influence of occupant behavior on energy consumption in commercial buildings, the discussion is growing [11]. For instance, in exploring strategies to reduce occupant-controlled plug-loads in commercial buildings, Rafsanjani et al. [5] developed non-intrusive load-monitoring techniques to link power changes to occupant events over time. Staats et al. [22] recorded a 6% reduction in gas consumption in a university office building following an information intervention. This was based on brochures encouraging employees to adjust thermostats, collective graphic feedback, personalized feedback to all participants, and reminders to adjust thermostats over the Christmas break [22]. Kosonen & Kim [10] focused their review on energy behavior intervention in the context of commercial buildings, and found that the most successful programs adopt peer comparisons to influence occupant behavior. The authors found that the least successful programs share untargeted information, such as general letters on energy use associated with various plug load devices, and conservation tips [10].



Information coupled with comparative interventions, such as competitions, have been increasingly studied and shown to be effective for energy conservation in commercial buildings [8]. One example is the five-month electricity conservation competition, I’ve got the power, carried out among the floors in the L’Oréal Headquarters in New York City [23]. With a four-step approach, including educating, motivating, recognizing, and rewarding, energy conservation was achieved at an average of 9%, with a 37% reduction on the winning floor [23]. While there is clear potential, there is still a need of further research on the relationship between social influence and competition, and mapping of behavioral drivers of energy conservation [24]. In discussions on such drivers, it would be useful to leverage theories pertaining to behavior and social dynamics.




2.3. Behavioral Change and Social Dynamics


Occupant behavior is a multi-layered phenomenon. Awareness of sustainability alone is insufficient for behavioral change, which also requires community engagement from the bottom up [24,25,26,27]. It is important to address barriers in specific community segments inhibiting a desired behavior [28], which may include entrenched habits, comfort preferences, deficient awareness or lacking information in the context of energy use in buildings [29]. It is clear that occupant behavior, if managed well, could contribute to energy conservation and building sustainability. However, behavior is a multifaceted and complex topic, and there is a need of further theory-based discussion in academia on the underlying determinants of energy behavior change [4,10].



There are several theoretical frameworks which attempt to integrate the multiple facets of behavior and offer insights on the area. For example, in the 6-P Framework by Too et al. [26], six elements were proposed to encourage sustainable community practices: Psychological (awareness of action consequences), physical (green facilities), personal (perceived benefits), public perception (social norms), price (costs and gains), and policy (top-down management) elements. Furthermore, the theory of planned behavior (TPB) [30] is useful in investigating the intention of occupants to carry out certain behaviors, based on attitude (perception of consequences), subjective norms (public perception), and perceived control (perceived difficulty of a behavior). In the theory of interpersonal behavior (TIB), past habits, facilitating conditions, such as technology, and intention influence behavior [31].



The elements of frameworks, such as the TIB and TPB, can be used to analyze human habit, which has gained attention in environmental literature. Habit is defined in this paper as an act that has been learned and becomes automatic in specific situations. Habits impact frequent actions in several systems, such as waste disposal [27], transportation patterns [32], and energy consumption [15]. Knussen & Yale [33] found that analyzing attitudes towards a non-habitual action is insufficient in predicting intention in the TPB, pointing to habitual behavior being less likely to be driven by conscious reasoning. In this context, Konis et al. [4] applied the TPB in investigating a student dormitory energy conservation competition. The authors found that higher self-efficacy enables short-term energy conservation but higher rebound effects, while stronger group identification and public perception was linked to higher as well as sustained conservation.



At large, understanding habitual behavior is important for long-term behavioral change. Developed by Frank [34], the five-domain experiential system explores long-term behavioral change as a multi-experiential transformation. The system includes emotional (feeling), mental imagery (worldview), sensorimotor (actions and perceptions), linguistic (rational reasoning), and communicational (message perceptions) domains [34]. Approaches to energy behavior change have at large been top-down, utilizing information and rationality-based interventions [25,26,27,34]. Such interventions leverage the communicational and linguistic domains. However, Frank [34] highlighted that not only such factors, but also the emotional and mental imagery domains, continue to mold behavior and require further consideration in sustainability initiatives.





3. Materials and Methods


The case study of this paper is based on the Battle of the Buildings (BoB), a building electricity conservation competition held July–September of the fiscal year 2016 (FY16) at ORNL. Case studies are valuable when exploring real-life contexts with many potential variables and perspectives [35,36]. There are multiple aspects of occupant behavior which require both objective and subjective data for which a mixed method incorporating quantitative and qualitative approaches is beneficial [37]. In this paper, an explanatory design was adopted, whereby qualitative data from interviews and surveys were analyzed and used to discuss the quantitative findings of energy consumption changes during the competition. The methodology is based on three measures: (1) Energy consumption data collection followed by, (2) competition participant interviews and, (3) surveys. The described approach was utilized for methodological triangulation, as recommended by Eisenhardt [38] and Yin [36] for improved validity of case study results and any ensuing theoretical propositions. The methodological flow of this paper can be seen in Figure 1. The case and the three pillars of the methodology are described further as follows.



3.1. Case Description and Energy Data


The managerial goal of the BoB was to increase awareness of ORNL’s smart meter data collection, as well as of occupants’ potential to impact energy utilization. Eight buildings on campus were selected to compete. More information on each building can be seen in Table 1. The buildings are notated as A, B, C, etc. for anonymity. Building selection was primarily based on building utilization and area similarity, and secondarily, on occupancy. The main space utilization involved administrative work and no operations necessitating power-intensive laboratory equipment. This was considered important due to the unfair disadvantage such occupants would have in terms of the ability to conserve energy without negatively affecting experiments and their work at ORNL. Energy conservation was measured based on accumulated power savings relative to corresponding months in the FY15 baseline, and was measured based on smart meters, with weather effects normalized to account for extreme conditions. The competition rankings were based on percentual power consumption changes relative to this baseline. The range of occupancy in the selected buildings (14–44) is likely to have affected the total energy conservation in the buildings and potentially to have impacted the social dynamics of the buildings. For example, regular communication may be easier among participants in buildings with lower occupancy. However, as the rankings were based on percentual reduction as opposed to the total reduction quantity, it can be suggested that the impact of occupancy ranges was reduced, supporting building comparison in the competition.



During the BoB, a real-time online visualization of performance was available to all participating buildings. A screenshot with approximately 14 days remaining of the competition is shown in Figure 2. As a prize, a certificate and celebratory lunch was awarded to the winning building’s occupants, along with bragging rights. Data related to energy consumption during the BoB, as well as six months following the completion of the BoB, were collected. The post-competition data were used for discussions on potential rebound effects.




3.2. Interviews


Based on the availability of building representatives, five out of the eight participating buildings were included in the interview phase, and carried out the week following the end of the BoB. Semi-structured, face-to-face interviews with open-ended questions were carried out aiming to investigate perceived challenges and success factors for energy conservation during the competition. Interviews included between one and four interviewees per building, and all interviewees representing an individual building were interviewed as a group. The interview was structured based the following key questions:




	-

	
What were key drivers of energy conservation during the competition in your building?




	-

	
What were key challenges of energy conservation during the competition in your building?









What do you think of the duration of the competition (too short, just right, or too long)? Please explain.




	-

	
Would you join an energy conservation competition again? Please explain.




	-

	
Do you have any further comments?









The interviews were based on these key questions, as well as follow-up questions when relevant. Based on a content analysis of transcripts, the frequency of key factors was investigated. Factors mentioned by occupants in two or more buildings were incorporated in two comparative tables of reported, (1) key challenges and, (2) key success factors. Insights gained in interviews were thereafter integrated in the surveys of this study, and discussed further as follows.




3.3. Survey


Thereafter, a survey was shared with the occupants (N = 174 individuals) in all eight buildings to complement the interviews and decrease confirmation and interviewer bias. The survey was open for two weeks following the interview phase, with a reminder email sent after one week. On a five-point Likert scale, respondents were asked to rate the level of importance of challenges and success factors of energy conservation experienced during the competition. Chi-square tests were used to explore the statistical significance of these results. The factors included in the surveys were based on the interviews as well as on indications in the literature pertaining to the potential drivers and challenges of occupant behavior for energy conservation. In addition, a four-point Likert scale was used to explore levels of (1) confidence and (2) activity in conservation efforts before and after the BoB. Two-tailed paired sample t-tests were used to explore the significance of changes in levels of confidence and activity



While the original Likert scale was on five points, variations may be suitable, such as a four-point scale without a neutral response [39]. A four-point scale was selected for confidence and activity levels in order to avoid neutral and, sit on the fence, responses [40]. A five-point scale with a neutral response was used to explore perceive success factors and challenges, as some factors may not be applicable to certain buildings and occupants. In the surveys, an open essay section for additional comments was also included in order to capture potentially overlooked factors.





4. Results


The final competition rankings and corresponding percentual changes in power consumption from the baseline can be seen in Table 2. The change from the baseline is based on energy consumption in relation to the baseline year, with negative and positive values indicating energy conservation and increased power consumption, respectively. The top four ranked buildings achieved energy-savings, while the remaining in fact saw a rise in electricity consumption during the competition. In an attempt to explain these variations, the key success factors and challenges as reported during the interviews and surveys are shared as follows.



4.1. Interview Findings


Based on content analysis of interview transcripts, challenges and success factors of energy conservation reported by interviewees in two or more buildings were identified. Key challenges discussed by the interviewees, as seen in Table 3, are explained as follows:




	
Comfort: Negative effects on thermal comfort (high temperatures and humidity levels) due to decreased air-conditioning (AC). This was discussed as an important element to maintain work productivity.



	
Contingencies: Incidents and factors out of occupant control, such as power outages and office appliances, were expressed as vital considerations for improved competition fairness.



	
Lack of control: Low level of control, such as of thermostat set-points, schedules and lighting sensors, in automated systems. Interviewees also reported system issues, such as deficient light sensor sensitivity and overly high/low AC temperatures. A mix of automatic and manual control was mentioned by one interviewee as a potential way to maintain comfort levels while also leveraging automation.



	
Lack of information: A need for improved information and communication was reported, with clear expectations and targeted information during the competition. Interviewees noted that introductory meetings could aid in this.



	
Lack of coordination: Interviewees reported difficulties in contacting facility managers, who could help occupants in energy reduction efforts, e.g., through set-point modifications and updating outdated equipment which are more energy-intensive.



	
Lack of involvement: A need for further involvement at the onset of competition-planning was reported. As one interviewee explained: “We want to show that we are doing our part…but we need planning time.”








Reported success factors are shown in Table 4, with communication as the only factor mentioned strongly by all interviewees. The top three buildings (A, B, C) emphasized all factors in Table 3, with the exception of the winning building (A), and the factor (7) project champion. building A interviewees explained that collective leadership rather than a single project champion enabled occupant engagement and conservation efforts. The reported success factors are described as follows:




	
Engagement: Reported as vital for energy savings by providing conducive social settings. As expressed by an occupant in Building C: “The strong group dynamics was a main driver. The competition was something we cared about, that we could engage in together.”



	
Collective thinking: It was expressed that, through collective ideation and cooperation, higher energy savings was achievable. Collective approaches were reported to enable shared routines for energy use reduction.



	
Communication: Communication, internally among co-workers and externally, with the BoB organizers. This was discussed as a facilitator for energy-saving tips shared within co-worker teams, involvement in competition planning, and for regular feedback from competition organizers. Building A interviewees further explained that the self-organized kickoff meeting was influential for knowledge-sharing among co-workers, higher occupant engagement, and participation. As put by one occupant: “Brainstorming made us all get together, share ideas, and look at how to conserve energy. The brainstorming helped us attain full engagement.”



	
Competitiveness: Discussed by interviewees as a facilitator of mindfulness of energy use and follow-through on conservation measures.



	
Performance visualization: Interviewees explained that the ability to see real-time performance of all buildings contributed to competitiveness, gratification, and motivation.



	
New habit development: Interviewees in the top three buildings explained that with increased awareness and mindfulness spurred by the competition, conservation measures were adopted from its onset. As expressed by an interviewee: “The competition helped people be more aware, change mindsets and conserve energy. At the end of the competition, things became more of a habit which will be sustained.”



	
Project champion: A leader or advocate within the building to encourage energy saving measures, and keep building occupants informed on competition progress.









4.2. Survey Findings


The survey was completed with a response rate of 15.5% (27 respondents). Challenges and success factors as rated by respondents can be seen in Table 5 and Table 6, respectively. The survey indicates that the challenges which the highest number of respondents rated, important, or, very important, involve (1) devices needed for work, (2) comfort, and (3) memory (to conduct energy-conserving activities). However, as seen in the p-values of the Chi-square test, all findings in Table 5 were found to be statistically insignificant, with the exception of lack of time (p-value = 0.002), which was rated by a minority of 4/27 as important and by no respondents as very important. A lack of information on and thereby awareness of the competition, which led to zero or low rates of participation in some buildings, was also commented on in the open essay section of the survey.



In terms of success factors, as seen in Table 6, all factors were rated as important, or very important, by a majority of respondents with the exception of, prize motivation, and, internal incentives/competitions. The factors with the highest number of, important, or, very important, ratings include (1) team effort, (2) increased awareness, and (3) the competition as a reminder to conserve energy. All surveyed success factors were found to give statistically significant indications based on a Chi-square test (p-value < 0.005), with the exception of, prize motivation, and, motivated to lead sustainable lifestyle.



With regard to reported levels of activity and confidence in abilities to reduce energy consumption, an increased proportion of the participants reported being, active, or, very active, as well as, confident, or, very confident, after the BoB. The replies per respondent can be seen in Appendix A (Figure A1: Activity, Figure A2: Confidence). In this study, 16 respondents reported an increase in confidence, and 17 an increase in activity. Nine of the 11 respondents which showed no change in confidence reported to already be, confident or very confident, prior to the BoB, while the remaining two reported to be, somewhat confident. In terms of activity, in addition to those reporting an increase, one respondent reported a decrease (active to somewhat active), five reported to already be, active or very active, before the BoB with no change post-competition, and four reported to be, somewhat active or inactive, with no change. Based on a two-tailed paired sample t-test of respondents’ ratings before and after the BoB (Appendix A), the changes were found to be statistically significant (p-value of 3.2 × 10−5 for activity, and 3 × 10−5 for confidence). In addition, it was commented in the survey essay section that in some areas, electrical outlets are inaccessible and sensors alone control some devices, inhibiting energy conservation activity. This is turn may lead to low levels of occupant control, similarly to what was expressed during the interviews.




4.3. Post-Competition Findings


The interviews and surveys captured perceptions linked to the BoB competition term. In order to understand potential long-term effects on occupant behavior, energy consumption following the BoB was investigated. In the six months following the BoB, it can be seen in Figure 3 that energy consumption levels tended to converge over time for all buildings. Buildings that were lower ranked at the end of the BoB showed improved energy conservation in relation to the previous year’s baseline, while higher ranked buildings either maintained or increased energy consumption. While an in-depth investigation of these post-competition trends is outside the scope of this study, these findings potentially indicate rebound effects, which are included in the discussion of this paper.





5. Discussion


Before discussing the results, it is important to mention that the survey response rate was low (15.5%: 27 respondents) and the top three ranked buildings accounted for 56% of total responses. This incurs potential participation and non-response biases. The main challenges reported in the interviews of this study by lower ranked buildings, such as a lack of information and of involvement, were not as clearly shown in the survey responses or comments. Therefore, it is of importance to consider both the interviews and surveys of this study when discussing possible indications. Considering the variation of performance during the competition, indications of occupant behavior determinants that influenced this variation are discussed as follows. These determinants may thereafter be of interest to be explored further in future research.



5.1. Key Success Factors


The most frequently reported success factors during the interviews, among both higher and lower ranked buildings, involved communication among co-workers, and project champions, or advocates. A project champion was interestingly not emphasized by interviewees in the winning building, Building A. Interviewees in Building A rather highlighted the importance of collective leadership and a group effort for energy conservation. This indicates that the need of a leader among the occupants is uncertain. In the survey results, a significant majority ranked communication, collective effort, as well as leadership as, important or very important. Staddon et al. [21] similarly emphasized the role of group dynamics, social interaction, and middle management in influencing behavioral change in the office context. Numerous authors also discussed the importance of social influence, or public perception, as an important psychosocial motivator in feedback systems [24,29]. Similarly, it can be suggested that the collective effort and engagement expressed to have taken place in higher ranked buildings strengthened the occupants’ reduction in energy consumption. This may be related to the development of social settings for occupant behavior change, linkable to the element of subjective norms or public perception in the TPB. Konis et al. [4] also found strong group identification and public perception to be linked to higher energy conservation in student dormitory competitions.



Interviewees also discussed competitiveness among peers as a success factor, and real-time progress visualization as a driver of this competitiveness, as well as of awareness of impacts on energy consumption. This feedback increased awareness of energy data as well as direct capabilities to affect it. However, it is important to note that it was interviewees in the top three ranked buildings that emphasized these points during the interviews. Moreover, Building B interviewees noted that occupants were competitive because their field of work and activities are related to the competition in terms of building technology and energy. However, other high-ranked buildings conduct a variety of activities, such as legal or retirement services. It is uncertain if the activities carried out in a building affects occupant engagement in energy conservation programs—potentially an area of interest for further research. The remaining interviewees in Buildings E and G noted that there was a lack of engagement and attention to energy visualization in their respective buildings. This indicates that approaches for engagement, including visualization, may be of interest for further exploration. It is suggested that the feedback obtainable from energy consumption visualization may influence the perceptions of consequences (attitude) and perceived control of energy consumption, under the TPB. Inyim et al. [6] also emphasized the potential of comparative feedback in relation to peers to stimulate individual energy use reduction. Real-time targeted feedback has indeed been found useful in promoting energy conservation through information and comparison-based strategies in numerous previous studies [10,14].



As seen in survey results, there are no clear indications that the motivation of a prize or internally created incentives, are widely considered as an important success factor. In addition, the influence of a prize, as well as motivation to lead a sustainable lifestyle, yielded non-significant results. This may not mean that these factors are to be ruled out, but rather suggests that other factors may have been more influential for energy conservation during the competition. Furthermore, energy-saving tips and increased awareness were ranked as important success factors. Inyim et al. [6] highlighted the potential of personalized feedback and tips consistent with occupants’ behavior based on real-time data in building energy-saving interventions. Staats et al. [22] found that personalized as well as collective feedback contributed to gas consumption reduction in an office building.



New habit development was reported as a success factor in the interviews, and strategy and routines, in the surveys. The top three ranked buildings noted habit development in the interviews. The competition as a reminder to conserve energy, was also seen in the surveys as a significant success factor. It can be suggested that awareness, routines, and habits were potential success factors for energy conservation. The multidimensionality of long-term change, as explained by Frank [34], involves behavioral change as a systemic undertaking which may lead to the replacement of old standpoints and habits. This paper can demonstrate short-term behavioral change that attempts to offer useful insights on drivers that may begin to stimulate such change. It is essential, however, to differentiate between short- and long-term behavioral change.



In terms of the TPB, the short-term behavioral change explored in this study may be linked to intention driven by self-efficacy and temporary attitude changes rather than habituation. Knussen & Yule [33] and Konis et al. [4] discussed similar prospects. The long-term effect of the competition is questionable, also considering the convergence of energy consumption levels following the BoB. In terms of the five-domain experiential system [34], this indicates that the emotional and worldview-related domains were not influenced for long-term change, but rather rationality in the short-term. In regards to the rebound effects and convergence of post-competition energy conservation levels seen among the participating buildings, it would be of interest to further explore long-term occupant behavior change. Furthermore, it may be important to consider that these post-competition trends may be linkable, not only to occupant behavior, but also other factors, such as varying occupancy. In order to understand the transformation of short-term behavioral change to long-term impact through habit modification, further research on the dynamics of this transformation and how to sustain it is needed.




5.2. Key Challenges


There are also a series of reported challenges in the interviews. All interviewees noted decreased thermal comfort as well as contingencies as key challenges for energy conservation. Thermal comfort can pertain to levels of illuminance, indoor air temperatures, and air quality such as humidity [13]. In the current study, interviewees described decreased comfort with regard to an increase in indoor temperature and humidity levels. Contingencies pertain to factors out of the participants’ control, such as certain office appliances and automated systems. Lack of control was also noted as a challenge during the interviewees, among both higher and lower ranked buildings. In the surveys, it was also commented that an increased control of office devices, such as accessible outlets and sensors, can further contribute to energy conservation activity.



Interviewees in lower ranked buildings also reported a higher number of challenges, including lacking involvement in competition-planning, information, coordination, and control of appliances. Such challenges may have inhibited the attitude, social group dynamics, and perceived control needed for behavioral change as advocated by the TPB [30]. As highlighted by McKenzie-Mohr [28], it is imperative to find and address barriers of change in specific groups, corresponding to community-based social marketing. This may indicate that information-sharing and inclusive management would need to be improved at the onset and throughout the competition, for enhanced coordination and engagement. With improved participant involvement and coordination, for example via competition co-planning, it can be suggested that prospects to find and address barriers may be managed.



The survey results related to perceived challenges at large show non-significant findings with the exception of, a lack of time, to carry out energy conserving-activities. This was ranked by a majority as an unimportant or somewhat important challenge of energy conservation during the competition. A challenge noted by all interviewees, comfort, was ranked by 12/27 respondents as important or very important. This significance is uncertain as nearly the same quantity (11/27) rated this as unimportant or somewhat important. Experiences of challenges seemed to vary more than of success factors. The statistically stronger indications for success factors as opposed to perceived challenges may suggest, (1) a need for further studies on potential challenges of occupant behavior change for energy conservation, and (2) further exploration on how to leverage identified success factors.



When contrasting the challenges and success factors reported by lower and higher ranked buildings, it can be suggested that there is a need for improved communication internally within buildings, as well as among participants and competition coordinators. The main challenges reported distinctively by interviewees in lower ranked buildings included lacking involvement and information. This could potentially be tackled with strategies leveraging the success factors reported by higher ranked buildings, such as collective team work, communication, and engagement. This is considering the positive impacts of co-worker engagement on memory to conduct energy-conserving measures, as reported by interviewees in higher ranked buildings. Adopting both top-down managerial policies and bottom-up engagement strategies may be important in successfully influencing occupant behavior, similarly highlighted by Elsharkawy and Rutherford [29]. It would be important to support communication among occupants to leverage elements of social influence in energy conservation interventions [6]. In this context, it is suggested that relationship management would be important for improved coordination among all relevant players, and control and involvement among participants. Increased communication channels, such as between facility managers and occupants, may for example contribute to overcoming to the challenge of a lack of device control and abilities to influence office power consumption among occupants.




5.3. Multi-Dimensionality of Behavioral Change


The reported success factors and challenges concern both the individual experiences of participants, such as awareness and memory, and group dynamics such as social learning and team efforts. It can be suggested that behavioral change in commercial building energy competitions is linkable to both individual and organizational dimensions, similarly highlighted by Staddon et al. [21]. These two dimensions can be analyzed in terms of price, psychology, physical elements, personal factors, public perception, and policy, as seen in the 6-P framework [26]. Price is omitted for this study, as electricity costs were not relevant to occupants in the BoB. In terms of individual psychology, the competition and progress visualization were expressed as reminders to conserve energy, and facilitators of awareness of energy consumption. Physical elements involve building and technology features, such as of thermostat adjustability. In terms of personal factors, findings indicated that occupants perceived the creation of new habits, strategy and routines as success factors. In terms of public perception, emphasis by occupants on collective engagement, communication among co-workers, and a team effort, indicates the importance of subjective norms and conducive social settings. As for the policy element of the 6-P framework, the BoB can be seen as a top-down initiative for change. However, the importance of bottom-up involvement for occupant engagement and coordination, in addition to building awareness about energy conservation, is highlighted by several authors [25,26,27] as well as by BoB participants.



This multidimensionality of behavioral change can also be discussed based on the TPB [30], which states that an action can be managed through creating a positive affiliation with perception of consequences (attitude), instilling confidence in an ability to carry out the behavior (control), and leveraging social influence (subjective norms). These three constructs are arguably influential for the success of the top three contestants of the BoB. At large, the surveys show significant results that suggest a general increase in confidence and activity related to energy conservation among the participants following the BoB. This might suggest that the competition facilitated an increase in perceived control and attitudes towards energy conservation. Moreover, several respondents who reported no change nonetheless also reported higher levels of confidence and activity already before the BoB.



Through the real-time visualization of building performance, it is suggested that potential positive consequences (attitude), as well as abilities to conserve energy (control) were clarified. Keskin and Menguc [7] similarly discussed mobile platforms as a facilitating condition under the TIB for visualization of thermostat energy savings, to demonstrate ease of use, and to provide direct feedback. In addition, the importance of public perception as discussed earlier, involving factors such as, team effort and collective thinking, indicates the importance of subjective norms and social influence among peers. Interviewees in top-ranked buildings also highlighted the importance of competitiveness for energy conservation during the competition. Mobile platforms, such as smart phone applications, may also be leveraged in social sharing, learning [7], as well as for competition and peer-comparison purposes.



The findings indicate that both technical and social aspects would be important considerations when developing approaches for occupant behavior for energy conservation. Following this, Roberti et al. [20] demonstrated in simulations that technical measures for building energy conservation can be strengthened by incorporating occupant behavior, especially pertaining to the management of heating, ventilation, and air-conditioning. The authors found that behavior, such as opting for natural ventilation, can add to energy conservation coupled with technical measures, such as improved insulation [20]. In future developments and research, it would be important to explore and discuss the integration of social and technological approaches to occupant behavior for energy conservation.



Considering the complex and interdisciplinary nature of occupant behavior [13], intervention and conservation approach development would benefit from multi-disciplinary teams [20]. It can be suggested that by incorporating various fields, such as engineering as well as social sciences, developments for energy conservation in commercial buildings can be expanded. With the single case study explored in this paper, findings are not generalizable to populations but may be useful in developing initial propositions related to occupant behavior and implications for future research and development. Based on the findings of this study, and on ensuing discussion, the following measures and their influence on occupant behavior in commercial building energy conservation competitions are suggested for further exploration:



	
Bottom-up involvement: For example, via (a) an introductory meeting and co-planning with all occupants and relevant facility managers, (b) kickoff/brainstorming meetings in each building, including facility managers, to discuss competition strategies and internal planning. This may contribute to several success factors, including involvement, coordination, leadership, team effort, strategy and routine creation, engagement, and communication among occupants.



	
Stakeholder relationship management: For example, pertaining to (a) improved relations among occupants and facility managers able to carry out adjustments, upgrades, or repairs of building equipment. It is suggested that the challenge of lacking (appliance) control can be tackled.



	
Targeted information: For example, (a) regular performance reports collectively for each building and for each individual coupled with targeted, actionable feedback on how to further improve energy conservation efforts. This may contribute further to success factors including energy saving tips, awareness, engagement, and the competition as a reminder to conserve energy.



	
Real-time visualization: For example, with (a) clearly shown progress demonstrating abilities to impact energy consumption, (b) peer comparison. This may contribute to success factors of the competition as a reminder to conserve energy, increased awareness, progress visualization, and competitiveness.



	
Mobile social platform: For example, (a) as a facilitating technology to support social interaction, information-sharing (feedback, tips), progress visualization, communication, and engagement in an integrated manner.








6. Conclusions


Occupant behavior and its influence on energy consumption in commercial buildings is a new and growing domain of research. This domain is important in efforts of energy conservation, building sustainability, and greenhouse gas emission reduction. This paper set out to explore determinants of occupant behavior for energy conservation in commercial buildings in the context of a specific intervention technique: An energy conservation competition. This was carried out by exploring the potential challenges and success factors of occupant behavior for energy conservation in a case study of a competition at the Oak Ridge National Laboratory. This case was investigated based on a mixed methods approach and explanatory research design leveraging energy data, participant interviews, and surveys. Energy conservation was seen solely in the top four out of eight buildings, with total reductions of 23.16%, 14.18%, 8.08% and 1.73% from the previous year’s baseline. The remaining buildings showed a rise in energy consumption. Considering the variance of building performance during the competition, the determinants of occupant behavior and, of this variance, were of interest. The findings of challenges and success factors of occupant behavior for energy conservation incorporated both social and technological elements. Based on the findings and discussion, elements suggested for further research include social (bottom-up involvement, stakeholder relationship management), and technological measures (targeted information, energy consumption visualization, mobile social platforms). An important next step would also be to further investigate the measures and determinants for occupant behavior change from a long-term perspective, and how rebound effects can be avoided. This may be useful in facilitating the improvement of building energy efficiency and sustainability efforts in holistic approaches. This paper aims to contribute to this growing research domain with implications for both academia and practitioners.
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Figure A1. Level of activity for energy conservation reported before and after the competition by survey respondents (1: Inactive, 2: Somewhat active, 3: Active, 4: Very active). Average change: +0.93. Double tailed, paired sample t-test: p-value of change: 3.2 × 10−5. 
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Figure A2. Level of confidence in abilities to conserve energy, reported before and after the competition by survey respondents (1: Unconfident, 2: Somewhat confident, 3: Confident, 4: Very confident) Average change: +0.78. Double tailed, paired sample t-test: p-value of change: 3.0 × 10−5. 
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Figure 1. Simplified schematic overview of the methodological approach. 
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Figure 2. Screenshot of real-time competition energy conservation visualization. 
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Figure 3. Energy consumption six months following the conclusion of the BoB. 
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Table 1. Building information.
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	Building
	Business Activity
	Area Gross (SQF)
	Occupancy
	Interviewees





	A
	Internal Audit & Legal Directorates
	6988
	15
	2



	B
	Building Technologies Research & Integration Center
	6989
	16
	3



	C
	Benefits and Retirement Services
	6995
	15
	4



	D
	Safeguard and Security Technology Center
	6995
	14
	-



	E
	Computational Biology and Bioinformatics
	6998
	29
	1



	F
	General Office Building
	6998
	18
	-



	G
	Life Sciences Data Analysis
	6996
	44
	1



	H
	Training Center
	6995
	15
	-
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Table 2. Final competition rankings and energy conservation.
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	Building
	Rank
	Change from Baseline





	A
	1
	−23.16%



	B
	2
	−14.18%



	C
	3
	−8.08%



	D
	4
	−1.73%



	E
	5
	+10.42%



	F
	6
	+12%



	G
	7
	+12.84%



	H
	8
	+15.29
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Table 3. Key challenges for energy conservation in the Battle of the Buildings competition (BoB), as reported by two or more interviewees (✓: reported during interview).
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	(1) Comfort
	(2) Lack of Control
	(3) Contingencies
	(4) Lack of Information
	(5) Lack of Involvement
	(6) Lack of Coordination





	A
	✓
	
	✓
	
	
	



	B
	✓
	✓
	✓
	
	
	✓



	C
	✓
	✓
	✓
	✓
	
	✓



	E
	✓
	✓
	✓
	✓
	✓
	✓



	G
	✓
	
	✓
	✓
	✓
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Table 4. Key success factors for energy conservation in the BoB, as reported by two or more interviewees (✓: reported during interview).
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	(1) Full Engagement
	(2) Collective Thinking
	(3) Communication
	(4) Competitiveness
	(5) Progress Visualization
	(6) New Habit Development
	(7) Project Champion





	A
	✓
	✓
	✓
	✓
	✓
	✓
	



	B
	✓
	✓
	✓
	✓
	✓
	✓
	✓



	C
	✓
	✓
	✓
	✓
	✓
	✓
	✓



	E
	
	
	✓
	
	
	
	✓



	G
	
	
	✓
	
	
	
	✓
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Table 5. Challenges rated in order of importance by BoB participants.
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	Unimportant
	Somewhat Important
	Neutral (N/A)
	Important
	Very Important
	Chi-Square Test (p-Value)





	Lack of time
	13
	4
	6
	4
	0
	0.002



	Memory
	3
	9
	4
	7
	4
	0.323



	Lack of leadership
	10
	6
	7
	3
	1
	0.058



	Co-workers not interested
	3
	10
	6
	3
	5
	0.188



	Lack of knowledge on how to reduce energy use
	7
	6
	8
	5
	1
	0.248



	Energy intensive devices needed for work
	2
	7
	6
	8
	4
	0.367



	Inconvenience
	4
	9
	6
	6
	2
	0.284



	Sacrificed comfort
	3
	8
	4
	6
	6
	0.589
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Table 6. Success factors rated in order of importance by BoB participants.
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	Unimportant
	Somewhat Important
	Neutral (N/A)
	Important
	Very Important
	Chi-Square Test (p-Value)





	Leadership
	4
	2
	3
	7
	11
	0.043



	Team effort
	0
	1
	2
	5
	19
	3.3 × 10−9



	Strategy and routines
	1
	3
	3
	8
	12
	0.005



	Support and communication among co-workers
	0
	0
	4
	10
	13
	3.5 × 10−5



	Energy saving tips
	1
	5
	2
	9
	10
	0.017



	Prize motivation
	7
	5
	3
	6
	6
	0.790



	Increased awareness
	1
	1
	1
	11
	13
	1.8 × 10−5



	The competition as a reminder to conserve energy
	1
	1
	1
	14
	10
	1.0 × 10−5



	Internal incentives/competitions
	2
	4
	14
	3
	4
	0.001



	Motivated to lead sustainable lifestyle
	2
	7
	2
	9
	7
	0.106











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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