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Abstract

:

The performance gap of buildings is commonly defined as the difference between the performance value predicted in the design stage and that measured in the post-occupancy stage. Knowledge about the performance gap of buildings is valuable in many aspects and thus is a research subject drawing much attention. Important questions that should be asked include: (1) Definition: what is the performance gap of buildings? (2) Magnitude: how large is the performance gap of buildings? (3) Techniques: how to determine the performance gap of buildings? (4) Causes: what are the reasons leading to the performance gap of buildings? (5) Solutions: how to bridge the performance gap of buildings. By collecting and analyzing more than 20 published works with reported data on the performance gap of buildings and other research articles, these important questions are addressed. Through this review state-of-the-art knowledge regarding the performance gap of buildings is presented. Major conclusions are drawn and future research directions are pointed out.
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1. Introduction


To deal with the challenges of energy shortages and environmental crises, sustainability is considered by many industries as the leading philosophy for development. In the building sector, designing, constructing, and operating green buildings is a widely accepted path to sustainability. This trend is confirmed by the development and implementation of green building standards in many countries, examples being LEED in the US [1], BREEAM in the UK [2], the Green Building Label in China [3], and CASBEE in Japan [4].



Although the general framework and specific technical contents of these green building standards are different, they share one commonality, that is, they all put an emphasis on the quantifiable performance of buildings. In fact, the objective of delivering a green building can only be achieved by ensuring that various performance issues of the building meet a set of predefined requirements. Therefore, a green building is, to a large extent, a performance based building.



The performance of green buildings is a critical issue in both the design and occupation stage. In the design stage, the performance of green buildings can be predicted through theoretical calculation or experimental testing. In the occupation stage, it can be physically measured or investigated through other means such as occupant surveying. The difference between the performance predicted in the design stage and that measured in the occupation stage is commonly referred to as ‘the performance gap’. Note that the concept of the performance gap can be interpreted differently as discussed later in this paper [5].



The performance gap of green buildings and buildings in general has been extensively studied for well over two decades. Large scale research efforts focusing on the building performance gap are often inter-connected with other research subjects such as post-occupancy evaluation. Typical examples include the PROBE project conducted in the UK in the 1990s [6,7,8,9,10] and a series of research projects attempting to assess and benchmark the performance of LEED certified buildings [11,12,13,14,15,16,17] and buildings obtaining other green building certifications [18,19,20].



To address the issue of the performance gap of green buildings, five fundamental questions need to be answered: (1) How to define the performance gap? (2) How large is the performance gap? (3) How to determine the magnitude of the performance gap? (4) What are the causes leading to the performance gap? (5) How to bridge the performance gap? Most of the research works covered in this review attempt to answer one or more of these questions.



The knowledge on the performance gap of buildings is valuable in many aspects. First and foremost, it sheds light on the performance difference between design and as-built. It reminds us that a building is a complex system and often performs differently from its design intentions. In fact, it is impossible to have a building which performs, in every aspect, exactly the same as it is designed. This can be considered a basic law to govern the performance of buildings. Secondly, the knowledge on the performance gap of buildings helps facility managers or other stake-holders to better operate a building. A variety of factors can cause a building to deviate from its designed and intended performance. Problematic operation of the building is often one of them. Detailed information on what goes wrong can greatly help facility managers to diagnose the situation and develop better operational plans for the building. Last but not least, the knowledge on the performance gap of buildings serves as invaluable feedback to architects, engineers, consultants, and other building professionals on what can be done to improve design. When a building does not perform the same as it is designed, the construction and operation sides are usually considered faulty. However, this is a misunderstanding that should be corrected. The root causes of the performance gap can occur in design as often as they do in construction and operation. Therefore, bridging the performance gap of buildings requires a collective effort from all professionals involved in a building project, including architects, engineers, consultants, clients, builders, facility managers, etc.




2. Previous Reviews


There is a substantial body of research works that focus on or partially deal with the performance gap of buildings. However, reviews dedicated to this subject are rare. Wilde [5] conducted a literature review on the performance gap of buildings and identified three types of gaps. A pilot study was presented to investigate the performance gap. Some critical issues regarding the performance gap that warranted future study were addressed. The review concluded that the only way to bridge the building performance gap was to adopt a broad and coordinated approach. This approach should combine model validation and verification, improved data collection for predictions, better forecasting, and change of industry practice.



Although reviews focusing on the performance gap of buildings are rare, some reviews on other subjects are worth noting. These subjects include building energy metering and environmental monitoring [21], occupant behavior [22,23,24], building energy model verification and benchmarking [25,26], post-occupancy evaluation [27,28], etc. Readers are encouraged to explore these review works to gain important knowledge related to the performance gap of buildings.



Apparently the performance gap of buildings is a critical matter in the field of green buildings and therefore, should be carefully reviewed. This paper conducts a systematic review to address the five fundamental and important questions regarding the building performance gap, namely definition, magnitude, causes, determination, and bridging solutions. The knowledge presented is valuable to owners, designers, engineers, consultants, and policy makers when they need to understand, evaluate, and/or reduce the building performance gap.



The outline of this review is as follows. Section 3 discusses various definitions of the performance gap of buildings and confirms that the building energy performance gap is by far the most commonly studied performance gap issue and, therefore, should be the focus of this review. Section 4 summarizes the reported numbers from more than 20 research works to gain an understanding of the magnitude of the building energy performance gap. In Section 5, techniques to quantify the building energy performance gap in both the design stage and the operation stage are analyzed. Section 6 focuses on the causes leading to the building energy performance gap. Solutions for how to bridge the building energy performance gap are presented in Section 7 before Section 8 concludes the paper. The core literature reviewed, excluding those intended to offer some background information, is summarized in Table 1. They are grouped by the sections in which they appear.




3. Definition: What is the Performance Gap of Buildings?


3.1. The Performance


In accordance with the Merriam-Webster dictionary, performance means ‘the ability to perform’, similar in meaning to efficiency. In the context of buildings, performance can be used in a broad way to represent a variety of qualities or properties such as energy efficiency, thermal comfort, indoor air quality, acoustical environment, daylight level, etc. Among these performance aspects, the building industry and research presently focus on the energy performance; this might be due to the fact that energy metering is more prevalent and easier to implement than measurement of the other aspects [5]. Research works that study the non-energy performance gap can also be found, examples being the ventilation performance gap [29] and the building envelope performance gap [30]. This review focuses on the energy performance gap of buildings without losing sight of other non-energy performance gaps.




3.2. The Gap


It is universally accepted that ‘gap’ means ‘difference’ or ‘discrepancy’. The question usually arises when it comes to deciding what performance indices should be used to evaluate the gap. The most common definition of the performance gap refers to the difference or discrepancy between predicted (or calculated, anticipated, designed, etc.) and measured (or actual, real, achieved, etc.) performance [5,31,32,33,34,35,36]. However, the concept of the performance gap can be understood and interpreted more broadly. Wilde [5] pointed out that the discussion about the performance gap is complicated because of various approaches to both prediction and measurement and building regulations. Three types of the performance gap can be identified. The first type aligns with the most common understanding of the performance gap as mentioned above, i.e., the difference between the predicted and the measured building performance. The second type is the difference between the performance obtained by developing a correlation between input parameters and output parameters without explicitly modeling the physical processes and that obtained through measurement. The third type deviates from the common definition even further. It is defined as the difference between the predicted performance in accordance with the regulations and the public displayed performance. These three different definitions indicate that the performance gap is certainly a complicated issue in design, engineering, and research. In the later sections of this review, unless noted otherwise, the most common definition of the performance gap, i.e., the disparity between the predicted and the measured performance, is used.




3.3. Other Issues About the Definition


Even when the meanings of the two keywords, i.e., ‘performance’ and ‘gap’, are defined without any ambiguity, other issues can still exist and should be clarified. For instance, the building energy performance gap is defined as the difference between the predicted energy consumption and the actual energy consumption. This definition appears to be clear and complete. However, one can still argue about what the energy consumption includes or excludes. Does the energy consumption include all of the energy uses in the building or only the portion used for space conditioning? Another example is that both the percentage and the absolute value of the differential can be used to quantify the gap. Therefore, it is imperative to clearly define, without any ambiguity, what the performance gap means in a reported study to avoid confusion. One important advantage of doing so is to make the comparison of the performance gap across different studies possible, which is one of the problems in the field as discussed later.



An interesting term called ‘policy gap’ is given by Burman et al. [37] and is relevant to the building energy performance gap to some extent. It refers to a structural barrier related to policy making in the context of building energy regulations.





4. Magnitude: How Large is the Performance Gap of Buildings?


The first question regarding the performance gap of buildings is its magnitude, i.e., how large is the performance gap. Although this is the most fundamental question, no clear or definitive answer can be offered. By examining relevant literature, one conclusion can be reached, that is, the performance gap of buildings is real and can be significant. The following section summarizes the reported magnitudes of the building energy performance gap gathered from 22 research works published. For comparative purposes, the gap is presented as the ratio between the calculated and the measured energy consumption. In the cases where the original magnitudes of the gap are reported in different terms or implicitly, necessary conversions are made.



Fokaides et al. [36] presented a comparison between the measured and the calculated energy performance of dwellings in Cyprus with a summer dominant climate. A total of 10 dwellings were examined. On average, the ratio between the calculated and the measured total energy consumption was 2.5. In an extreme case, the ratio was as large as 4, which indicated that the predicted energy consumption was three times larger than the actual energy consumption. Magalhães and Leal [38] used a performance database and the national energy statistics to analyze the heating gap of the residential building stock in Portugal. For space heating, the nominal heating need was 22.1 times the actual heating energy consumption. For space cooling, it was 38.3 times. Therefore, the authors stated that the differences found were tremendous, much beyond what could be explained only by the lack of precision of the calculation procedure of the energy performance assessment or from the assumptions in the top-down breakdown of the national energy balance data. Note that these two numbers are significantly higher than all other reported gap values. It might be caused by the fact that the national level statistics, not the actual energy data measured from one or multiple buildings, are used in calculation. Hens et al. [39] studied two residential projects in Belgium. For the first residential project with eight dwellings, the ratio between the calculated and the measured energy consumption was 1.79. For the second residential project with 12 dwellings, the ratio was 2.03. Fedoruk et al. [40] selected a high-profile green building, namely the Center for Interactive Research on Sustainability at the University of British Columbia in Vancouver, Canada, and compared its anticipated and achieved energy performance. The comparison suggests that for this particular building the ratio between the calculated and measured electricity consumption was 0.78. Marjanovic-Halburd et al. [41] studied a 1280 m2 university office building in the UK and used two different approaches to calculate its total energy consumption (electricity and gas), namely the SBEM (Simplified Building Energy Model) method and detailed simulation. The ratio between the calculated energy consumption obtained by using the SBEM method and the measured energy consumption was 0.83. If a detailed simulation was conducted, the ratio would become 0.70. Tronchin and Fabbri [42] tested 10 different energy calculation methods on an existing residential building located in Ravenna, Italy, near the Adriatic Sea and compared the results with the energy bills. The ratio between the calculated energy consumption and the energy bills varied between 1 and 2.42, depending on the calculation method used. Herrando et al. [34] studied 15 academic buildings and six research buildings in Spain, among which only one did not have utility bills. These buildings are significantly different, with useful areas ranging from 800 to 27,600 m2. According to the reported data, the ratio between the calculated energy consumption and the measured energy consumption varied from 0.62 to 1.52 for the 14 academic buildings and from 0.27 to 0.8 for the six research buildings. Stoppel and Leite [43] examined two LEED gold certified dormitory buildings and compared their predicted and actual energy consumption. The ratio between the predicted and actual energy consumption was 1.9 for one dormitory building and 2.12 for the other. Menezes et al. [31] studied a high-density office building and used five predictive models with different levels of details to obtain the energy consumption by lighting, small powers, and catering. The results indicate that in model 1 the predicted electricity consumption was less than 1/3 of the actual consumption and that in model 5 the difference was only 3%. If these numbers are converted to the ratio between the predicted and measured energy consumption, the values range from 0.33 to approximately 1.0. Wilde [5] selected the Roland Levinsky Building at Plymouth University in the UK to explore the feasibility of investigating and quantifying the performance gap while taking into account the uncertainties in both prediction and measurement. The ratio between the predicted and measured energy consumption was found to be 0.39. Calì et al. [32] selected three refurbished apartment buildings located in southern Germany and monitored their energy performance from 2009 through 2015. The ratio between the predicted and measured heating energy consumption ranged from 0.26 to 1.14. On average, the ratios were 0.46, 0.48, 0.71, and 0.63 in 2011, 2012, 2013, and 2014, respectively. Petersen and Hviid [33] studied a 5147 m2 office building in Kolding, Denmark and calculated the expected energy consumption in accordance with the Danish national calculation method. The ratio between the calculated and actual total energy consumption was 0.65. Pegg et al. [44] investigated five ‘low-energy’ schools in the UK to understand their post-occupancy performance. Three of the five school buildings had both calculated and monitored energy consumption data. The ratios between the calculated and actual energy consumption were 0.44, 0.35, and 0.42, respectively. The UCL (University College London) Energy Institute of the UK [45] conducted a number of audits on buildings to examine issues such as the performance gap between design predictions and operational performance. The data suggested that for office buildings the ratio between the calculated and measured total electricity was 1.71. Note that this ratio was the mean value obtained from the data of more than 200 office buildings. Turner and Frankel [12] analyzed measured energy performance for 121 LEED New Construction buildings of various types such as office, school, library, data center, etc. The ratio between the calculated and measured EUI (Energy Use Intensity) varied between approximately 0.35 and 4.0. The Green Construction Board and Buildings Working Group of Arup [46] issued a report in which a case study of an office building was presented. The reported ratio between the calculated and measured electricity was 0.59. Galvin [47] studied thermal retrofits of existing homes and presented data for three case buildings in Germany. The ratios between the calculated and actual energy consumption were 0.98, 0.64, and 0.27, respectively. Binks [48] compared the predicted HVAC energy consumption with the actual measurement of a 30,000 m2 office tower in Australia and found that the ratio between them was 0.82. Salehi et al. [49] created a design model and an as-built model to predict the energy consumption of a multi-purpose university building located at the Vancouver campus of the University of British Columbia, Canada. For the design model, the ratio between the predicted and the actual energy consumption was 0.6 and for the as-built model the ratio was 0.54. Gupta and Kapsali [50] evaluated the as-built performance of an eco-housing development in the UK and found that the actual annual electricity energy use exceeded the prediction by a factor of about 1.8 in both houses, which was approximately equivalent to a ratio between the predicted and actual energy consumption of 0.56. Burman et al. [37] calculated and measured the energy performance of a secondary school building in North West England and reported the equivalent CO2 emission data, which was converted to a ratio between the calculated and actual energy consumption of 0.29. Ballarini and Corrado [51] reported the calculated and measured energy consumption of six buildings in Italy. The ratio varied between 0.93 to 1.36. The 22 reviewed works with reported numbers of the building energy performance gap are summarized in Table 2. In addition to the magnitudes of the reported gap, the period in which the gap was investigated and the energy items considered are also presented in the table. Note that almost all of the reported gaps were measured on a yearly basis. However, the energy items considered were much less consistent. Heating and cooling electricity was the most common energy item considered. Others were domestic hot water gas, lighting, fan electricity, pump electricity, and plug loads.



It is evident that the magnitude of the building energy performance gap found in published research works varies significantly. No reliable correlations can be established between the magnitude of the gap and some common parameters such as building type, climate, floor area, etc. However, some valuable observations and conclusions can still be made as follows.




	
Regardless of the building type, location, climate, or the method of design and construction, the existence of the building energy performance gap is factual and cannot be denied.



	
One of the possible reasons why the magnitude of the building energy performance gap varies significantly is that it is interpreted and reported in different ways. Although most research works reviewed consider the difference between the predicted and measured energy performance values as the gap, they quantify it differently. Some research works use the measured energy performance value as the baseline and quantify the gap as the percentage difference of the predicted value against the baseline. Others adopt an exactly opposite approach, i.e., use the predicted energy performance value as the baseline and quantify the measured value against it. Instead of using percentage differentials, the absolute difference between the predicted and measured energy performance values is also used to quantify the gap. Therefore, adopting a uniform and standardized way to quantify and present the performance gap of buildings would be beneficial to having a more convenient and revealing comparison among different research works.



	
One fundamental question regarding the magnitude of the building energy performance gap is whether the measured energy consumption or the predicted energy consumption is larger. Unfortunately, no definite answer can be given with a satisfactory level of confidence based on the reported numbers in the reviewed literature. Among the 21 works that explicitly report the building energy performance gap, five of them report larger predicted energy consumption and 12 larger measured energy consumption. Four of the works report mixed results, i.e., in some cases the predicted energy consumption is larger and in other cases it is the other way around. Figure 1 illustrates the ratios between the predicted energy consumption and the measured energy consumption from the 21 sources. Note that the reported numbers by Burman et al. [37] are not included because they are obtained using national level statistics and do not reflect the energy performance of any individual building. In addition, the ratios are larger than 20 and would skew the figure significantly.









5. Techniques: How to Determine the Performance Gap of Buildings?


Since the building energy performance gap is defined as the difference between the predicted and actual energy performance, its determination requires the knowledge of the energy performance values on both sides, namely the design side and the operation side. Various techniques are available to obtain the predicted and actual energy performance values.



On the design side, the building energy consumption is obtained through calculation. The techniques differ in calculation methods, simulation tools, and theoretical models used. They can be broadly categorized into two groups, namely the simplified approach and the detailed simulation approach.



The simplified approach involves using simplified calculation methods to determine the energy consumption of the target building [31,32,33,36,38,39,41,42,44,45,49,50]. These simplified calculation methods can usually be solved by hand, using a spreadsheet, or by a simple computer program. They are often recommended in building codes or by influential organizations, examples being SBEM (Simplified Building Energy Model) [36,41,45] developed by the Building Research Establishment and based on the CEN standard umbrella document CEN/TR 15615:2008 [52], the monthly balance procedure [32] proposed in the German standard [53], the standard rating calculation [50] per EN ISO 13790:2008 [54], and the procedure [44] outlined in CIBSE [55].



The detailed simulation approach involves calculating the energy consumption of the target building using one of the many dynamic building energy simulation programs such as EnergyPlus [5,35,42] developed by the DOE [34,46]. Note that some research works reviewed report that the energy consumption of the target building was obtained through simulation without specifying what simulation program was used [12,40,43]. Compared with the simplified approach, the detailed simulation approach is generally believed to produce more accurate results because it uses sophisticated, and often dynamic, calculation models. However, no evidence is found from this literature review to support the notion that adopting the detailed simulation approach helps to bring the predicted energy performance closer to the actual value, i.e., decrease the building energy performance gap.



On the operational end, the actual energy performance of buildings is obtained by taking physical measurements [5,31,32,33,36,40,46,47], or by having access to utility bills [12,34,42], or both [44]. The energy consumption actually measured includes different components. The total electricity and gas consumption was the most commonly measured energy component [5,32,34,40,41,42,43,44,46,50]. In some cases, only the electricity consumption dominated by space conditioning, i.e., heating and/or cooling, was measured [36,38,46]. Few studies focused on the non-space-conditioning electricity consumption such as lighting, plug-in loads, and catering [31]. Other energy consumption components such as district heating were measured as well [33]. Most of the reviewed works on the performance gap do not discuss the measurement techniques or metering systems in detail. It is beyond the scope of this review to include an in-depth discussion on those matters. Nevertheless, the knowledge on sensors, meters, and data exchange protocols is important for understanding the measured performance of buildings. Therefore, readers are directed to a review conducted by Ahmad et al. [21] for more information on the state-of-the-art building energy metering and environmental monitoring methods.



One line of research works that is different from but related to the quantification of the building energy performance gap is the study of benchmarking or calibrating building energy models. Although they are both concerned with the disparity between the predicted and actual building energy performance, their research objectives are different. For the research on the building energy performance gap, the primary objectives are to understand the gap, including its magnitude, pattern, and causes, and to develop means to reduce it. For the research on benchmarking or calibrating building energy models, the primary objective is to increase the accuracy and reliability of the models. Therefore, it uses the actual energy performance as the benchmark. In other words, improving the actual energy performance is not within its scope.



Benchmarking and calibrating building energy models have been important research subjects since the early 1990s [56]. Extensive studies can be found to calibrate influential building energy models against actually measured data such as DOE-2 [57,58,59,60,61,62,63,64], EnergyPlus [65,66], BLAST [67], and ESP-r [68].




6. Causes: What are the Reasons Leading to the Performance Gap of Buildings?


Many causes contribute to the performance gap of buildings. As stated by Mehta [69], when evaluating a building’s actual energy consumption versus predicted it is hard to find the root cause of the difference because all possible errors within the program are occurring simultaneously. This includes occupancy load, scheduling, lighting schedule, temperature set points, and HVAC design. The most significant causes leading to the performance gap of buildings include occupant behavior, micro-environment, and ‘design vs. as-built’ issues.



6.1. Occupant Behavior


6.1.1. The Concept of Occupant Behavior


Occupant behavior is widely accepted as one of the most important causes leading to the energy performance gap of buildings. It is an active research field in its own right as demonstrated by some large scale research efforts such as IEA EBC (International Energy Agency, Energy in Buildings and Communities) Program Annex 66: Definition and Simulation of Occupant Behavior in Buildings [70]. Occupant behavior is identified by IEA EBC Program Annex 53 as one of the six driving factors of energy use in buildings [71]. In a broad sense, occupant behavior refers to all actions and responses to stimulations of building occupants. In the context of building energy, occupant behavior includes occupants’ interactions with and operation of windows, thermostats, lights, blinds, and their movement between spaces [23,70].




6.1.2. The Relationship Between Occupant Behavior and the Building Energy Performance Gap


The primary reason that occupant behavior leads to the building energy performance gap is its uncertainty and unpredictability in the design stage. Occupant behavior is a complicated mechanism and influenced by multiple contextual factors [23]. Environmental conditions, psychological reasons, and sociological factors can all be the drives behind various occupant behavioral patterns. For example, in winter the indoor air quality tends to be the primary factor motivating occupants to open windows [72]. In summer, it is the outdoor noise that is likely to cause occupants to close windows [72]. Other environmental conditions such as humidity, wind, rain, etc., can also contribute to the window opening or closing behavior [73,74]. In addition to the operation of windows, occupants’ use and control of lighting and other energy systems such as the thermostat and appliances are also difficult to predict. Menezes et al. [31] conducted a study to compare the predicted and actual energy performance of a high-density office building with focuses on electricity consumption due to lighting, small power, and catering equipment rather than thermal loads. It was confirmed that the occupants’ operation of these equipments is hard to predict in the design stage and that the accuracy of the model can be significantly improved by using post-occupancy evaluation data to reduce the energy performance gap.



Another type of occupant behavior which often contributes to the building energy performance gap is the occupants’ movement in building spaces. Energy simulation requires that the number of people and their occupying hours are specified in simulation models. However, it is difficult to accurately predict this information in the design stage. A commonly used method is to assume the number of people and their occupying hours in building spaces based on building types, space functions, and other rules of thumb. Unfortunately, these assumptions are vulnerable to being significantly different from the post-occupancy reality.




6.1.3. Modeling Occupant Behavior to Reduce the Building Energy Performance Gap


To account for the impact of occupant behavior on the building energy performance gap, more accurate and reliable occupant behavior models are needed. These models include occupant movement models [75], window opening models, and appliance usage models [76,77,78,79]. Integration of occupant behavior models with building energy modeling programs can help to better predict the energy performance of buildings and thus reduce the building energy performance gap.



Based on an environmental sensing network and hidden Markov models, Dong et al. [80] made a real-time occupancy detection program for offices with an average accuracy as high as 73%. The utility of the developed model is expected to extend to human-centered environmental control, security, energy efficient and sustainable green buildings, and so on. In order to maximize the environmental benefits of the operation of blinds, the influence of occupants should be considered. Zhang and Barrett [81] used logic analysis to predict the probability of blind lowering and raising actions. The results were significant statistically. In addition, different behavior patterns in non-office spaces within the building were reported. Zhou et al. [82] developed a reduced-order air-conditioning conditional probability model to describe the air-conditioning usage. With the consideration of stochastic air-conditioning usage models, the uncertainty of user compositions was studied. The simulation results revealed that air-conditioning usage modes and user compositions can lead to a 4.5 times difference in the system efficiency of district cooling systems. Tanimoto et al. [83] considered the behavioral variations of the inhabitants of dwellings and calculated the cooling/heating loads based on a series of Monte Carlo simulations in which the air-conditioning on/off state and the indoor heat generation schedules were varied. The simulation model was applied to a typical residential building. The results confirmed that the utility demands, especially at the peak, cannot be predicted without such a framework. Meanwhile, the peak shift effect can be effectively captured based on the new simulation method. New technologies such as BIM (Building Information Modeling) were applied to the study of occupant behavior [84]. An agent-based computer simulation model combined with realistic occupant information was developed. The behavior of a building’s inhabitants with regard to the lighting system was modeled to gauge its efficiency and effectiveness. A series of simulations were conducted to illustrate the interactions between design choices and occupant behavior. The study points out that the consideration of occupant behavior will lead designers to different choices of lighting systems and that it is important to bring the objective and subjective aspects of occupants together within a common framework.



Despite these efforts to model occupant behavior, the related research is still quite limited and the results and standards should be viewed critically [23]. Currently, multiple occupant-related models have been developed, while the demands of various levels of application need to be clarified. Meanwhile, there is still a lack of a standard framework for the description and modeling of occupant behavior in buildings, which makes the exchange and reuse of models difficult and hinders the development of the integration with building simulation models.





6.2. Micro-Environment


Micro-environment or micro-climate is another major contributor to the building energy performance gap. In dynamic energy simulation, climate information is needed as the boundary condition for the building being simulated. This climate information is typically provided in the form of standard climate files such as *.epw or *.cwsd files used by EnergyPlus. The data contained in these standard climate files are measured at climate stations such as those in the WMO (World Meteorology Organization) climate station network [85]. However, it is imperative to understand that in reality buildings are operated in specific micro-environmental conditions which can be notably or even significantly different from those described by standard climate files. For instance, a building in a high-density city center is surrounded by many other buildings with various shapes and heights. The environmental factors affecting this building such as solar radiation, wind speed, ambient air temperature, etc., all differ from the measurements at the nearest climate station which may be several kilometers away or even further. It is difficult to have a general assessment of the difference between standard climatic station data and site specific climatic data because each building exists in a unique micro-environment. What is certain is that this difference is factual and can cause the building energy performance gap.



Urban heat island (UHI) effect is a revealing example to demonstrate that micro-environments can lead to the building energy performance gap. UHI is an extensively studied subject in the field of urban physics and urban climatology as evidenced by several important review works [86,87]. It is widely recognized that UHI causes the energy consumption of buildings to significantly increase [88,89,90].



A noteworthy research effort is to combine urban micro-climate simulation with building energy simulation. The idea is to perform urban micro-climate simulation first and use the results as the boundary climate condition for the concerned building. Yang and Zhao [91] classified the approach into two categories based on the micro-climate model being used, namely the non-CFD approach and the CFD approach. Typical examples of the non-CFD approach include the urban canopy model with different levels of simplifications [92,93,94,95] and the 3D street canyon model which can describe the geometric characteristics of city blocks [96,97,98,99,100,101,102].



Compared with the non-CFD approach, the CFD approach has seen more applications. Han et al. [103] combined ENVI-MET with TRANSYS to estimate the urban scale cooling load reduction by means of the output data of ENVI-MET simulations. Hsieh et al. [104] employed EnergyPlus and Windperfect to analyze the feedback of heat rejection to air-conditioning load in subtropical climates. Bouyer et al. [105] presented a developed CFD-thermal-radiative coupled simulation tool and tested it on an urban planning project. The CFD program used was Fluent, a commercial CFD software, and the thermal-radiative model was SOLENE, a customized model. Yi and Peng [106] integrated ENVI-MET with DesignBuilder, which uses EnergyPlus as the energy calculation engine, to study the microclimate change for passive building adaption design




6.3. Design vs. As-Built


The ‘design vs. as-built’ issue is another commonly accepted cause for the performance gap of buildings. It can be interpreted as the fact that one or multiple parts of a building are not constructed in accordance with the design. Reasons for such discrepancy are various, such as inappropriate design, inevitable construction uncertainties, and sometimes blunt malpractice. Note that the ‘design vs. as-built’ situation usually occurs in a limited scope. It is very rare that the majority of a building is not constructed in accordance with the design.



Another interpretation of the ‘design vs. as-built’ issue in terms of the building energy performance gap is that the theoretical energy model developed using the design cannot truthfully reflect the actual energy performance even when the building is constructed in exactly the same way as the design. Asdrubali et al. [107] measured the in situ thermal transmittance of some buildings in Italy and compared the results with the theoretical values. A difference ranging from −14% to 43% was found. In another study, Johnston et al. [30] conducted the coheating test for 25 new dwellings in the UK. The measured whole building U value was over 1.6 times greater than that predicted. Since the thermal properties of a building envelope system have a profound impact on the energy performance of the building, these studies confirm that the ‘design vs. as-built’ issue is a major cause for the building energy performance gap.



Stoppel and Leite [13] listed three areas of knowledge on ‘design vs. as-built’ with respect to the building energy performance gap, namely building physical changes between design and construction, the maintenance and repair activities of a building, and actual occupancy and occupant behavior between post-occupancy and what is assumed during design.





7. Solutions: How to Bridge the Performance Gap of Buildings?


As aforementioned, the energy performance gap, as well as other performance gaps, widely exist in buildings. Therefore, an important question to ask is how to bridge these gaps. As far as the building energy performance gap is concerned, effective bridging measures can be loosely grouped into three categories, namely non-technical (managerial) measures, technical measures, and hybrid measures.



7.1. Managerial Measures


Managerial measures acknowledge that the performance gap of buildings is caused partially by the communication and collaboration among building professionals including clients, architects, engineers, consultants, facility managers, building occupants, etc. Therefore, providing better management to the building design, construction, and operation process can effectively reduce the performance gap.



Corry et al. [108] argues that many of the reasons that buildings do not operate as intended could be categorized as information integration issues and information assessment and optimization issues. A semantic web approach was developed as a means to improve the integration of the increasing number of data sources available within the modern building and the more traditional, existing BMS data and therefore, to reduce the building energy performance gap. Demanuele et al. [35] conducted visits to 15 UK schools and concluded that an effective handover and user-education are essential to optimize energy performance and reduce the discrepancy between design estimates and actual energy use. Bordass et al. [109] believed that all parties involved in a building project need to work closely together to achieve the desired performance. It is important to maintain better transparency between intentions and outcomes because it can help to achieve better assumptions, better predictions, better design, better implementation, and better management of both the procurement and the product. Energy certificates might be developed to help identify and close the credibility gaps. Robinson et al. [110] studied a university building and focused on the building-user interaction. Conflicts were identified between satisfying user needs and keeping a building operating at its highest energy efficiency. The root cause was found to lie in the tenant-landlord relationship between different departments in the organization. To address this issue, the role of the organization was analyzed and appropriate recommendations were made to minimize the user influence on the energy performance gap.




7.2. Technical Measures


Technical measures are intended to reduce the performance gap of buildings through taking physical and technical actions. These actions can occur in any stage of the building process, i.e., design, construction, and post-occupancy.



Calì et al. [111] studied occupants’ behavior related to the use of windows in German households and proposed to include the stochastic aspects of occupants’ behavior into building energy performance simulation software to lead to better predictions of building energy consumption and thus, reduce the building energy performance gap. Niu et al. [112] believes that a dominant reason for the building performance gap lies in the occupancy information uncertainty. Conventional approaches of obtaining occupancy information rely on post-occupancy evaluation statistics. However, before the building is occupied, the interaction between design choices and occupant behavior is not fully understood. Therefore, they developed a virtual reality integrated approach, which can improve occupancy information integrity during design and help to close the performance gap. Grossmann et al. [113] presented a methodology for estimating ‘rebound effects’, a term similar to building energy performance gaps, in non-residential buildings. The interviews conducted in the research effort indicated that user behavior changes such as the operation of heating and ventilation systems could lead to the reduction of the building energy performance gap. Mehta [74] suggested to use on-site weather data to increase the accuracy of building energy simulation and reduce the building energy performance gap. Installing an on-site weather station and collecting temperature, relative humidity, solar radiation, wind direction, and wind speed will help create the most accurate custom weather file. Göçer et al. [114] argued that to reduce the gap between predicted and actual energy performance of buildings, we need to have more realistic input parameters in energy models. Herrando et al. [34] concluded that potential mistakes made during the building energy modeling and software limitations increase the building energy performance gap. A series of suggestions were made to improve the simulation software including improvement in the surface area graphic implementation, default usage profiles, data implementation, and the possibility of implementing the energy consumption of specific equipment. Cecconi et al. [115] believes that the building energy performance gap is clearly connected to biased assumptions in modeling, especially in the initial design phase. Therefore, a probabilistic modeling approach was proposed to improve simulation reliability and robustness with respect to variability in occupancy patterns. Burman et al. [37] proposed a framework to integrate a measurement and verification plan into the Energy Performance of Buildings Directive (EPBD), European Directive 2002/91/EC to ensure measured energy performance was consistent with the intended performance under identical operating conditions. Menezes et al. [31] states that the POE (post-occupancy evaluation) can help understand how occupants and facilities managers interact with the built environment. The information gained from the POE can assist in predicting more realistic energy consumption and consequently reduce the building energy performance gap.



Johnston et al. [30] carried out building fabric thermal performance tests for three dwellings in the UK and found that they performed very close to as predicted. Therefore, it was concluded that careful design coupled with the implementation of appropriate quality control system, such as those required to attain Passivhaus certification, may be conducive to delivering dwellings that bridge the gap between measured and predicted fabric performance. Baborska-Narozny and Stevenson [29] studied continuous mechanical ventilation in housing and pointed out that reducing the gap between design intention and actual performance and use of continuous mechanical ventilation partly depends on the improvement of the continuous MV model to allow for a better match with inhabitants needs.




7.3. Hybrid Measures


Hybrid measures combine managerial measures with technical measures to offer a holistic approach to bridge the performance gap of buildings. Gupta and Kapsali [50] organized recommendations to reduce the building energy performance gap into different stages including design, construction and commissioning, and handover and training. In the design stage, it is recommended (1) to have an open discussion between industry, government, and academia, (2) to integrate the heating and ventilation systems and controls strategy early in the design process, (3) to carefully provide space for heat exchangers and pumps, and (4) to have intuitive, labeled, properly designed, and readily accessible control interfaces. In the construction and commissioning stage, recommendations include robust detailing of joints, junctions, and thresholds, accurate ‘as-built’ models, etc. In the handover and training stage, occupants need to be trained through a graduated and extended handover. Providing occupants with feedback on the relationship between daily activities, habits, and energy bills and showing them ways to actively reduce fuel bills could be attractive. Fedoruk et al. [40] identified several needs to reduce the building energy performance gap by reviewing the performance of the Center for Interactive Research on Sustainability building at the University of British Columbia in Vancouver, Canada. These needs are: to examine detailed energy flows and operational sequences, to understand system boundaries better, to ensure contractual arrangements with consultants cover the full range of work required to achieve the design intent, to look at performance metrics that do not misleadingly aggregate important building information, to focus on stakeholder communication, and to incorporate intentional feedback into all stages of the project life cycle. The Green Construction Board and Buildings Working Group of Arup [50] discussed how to close the building energy performance gap in detail. Actionable items were grouped into design, construction and commissioning, and operation. Gupta and Gregg [106] evaluated the energy and environmental performance of a sustainably-designed but under-utilized institutional building in the UK. By examining the causes of the building energy performance gap, the authors concluded that a willing and knowledgeable person should be assigned to lead the sustainable effort and help to obtain the as-designed performance, which can close the energy gap. This person is called and serves as the sustainability champion. The facility manager and this sustainability champion can work together to develop a technically detailed but user friendly operation, management, and building user guide. This guide can ensure efficient equipment use and minimized energy consumption, well informed maintenance of equipment and building sub-systems, and well-scheduled and properly performed seasonal commissioning. These tools and approaches are essential for facility managers.





8. Conclusions and Future Research Directions


8.1. Conclusions


The performance gap of buildings typically means the difference between the predicted performance in the design stage and the actual measured performance in the post-occupancy stage. The gap can occur in a variety of performance aspects, among which energy performance is the most important one.



The magnitude of the building energy performance gap is the most fundamental question in the field. By examining the reported data from more than 20 sources, it is clear that the building energy performance gap factually exists. However, the numbers differ from each other significantly. No correlation can be easily established between the magnitude of the performance gap and the commonly used building parameters.



The quantification of the performance gap of buildings involves predicting the performance in the design stage and physically measuring it in the post-occupancy stage. Performance prediction in the design stage is achieved through simplified calculation or dynamic simulation. Performance measurement in the post-occupancy stage can be conducted by installing sensors, metering, and accessing utility bills.



Many causes can lead to the performance gap of buildings. Occupant behavior, micro-climate, and ‘design vs. as-built’ are three major causes. Efforts have been made to understand these causes and develop techniques to model them more accurately in the design stage.



To bridge the performance gap of buildings, non-technical (managerial) measures and technical measures are equally important. Since a building is a complex project with many professionals involved, encouraging communication and collaboration, managing the whole building process more effectively, and educating occupants to operate the building in a more responsible manner can all contribute to reducing the performance gap of buildings.



The undeniable existence of the performance gap has many real-world implications and can be interpreted in different ways. One of the implications is that we should form a realistic understanding of the capabilities and limitations of the detailed building performance modeling programs. After several decades of research, these building performance modeling programs have become very complex and powerful. However, when being used in predicting the actual building performance, significant gaps still exist. To blame this gap solely on the modeling programs is not fair. A more justifiable and productive view is to accept the limitations and continue developing these programs to better capture the complicated essences of building performance.




8.2. Future Research Directions


It is clear that the research conducted on the performance gap of buildings has been fruitful and yet unsolved problems remain. One of the most pressing problems is to better understand the magnitude of the performance gap and its correlation with some important parameters such as climate, building type, energy system, etc. Adopting a standard methodology to quantify and report the performance gap would be helpful. More data need to be collected and meta-analysis should be conducted.



Developing more reliable and accurate models to account for some of the most important contributors to the performance gap of buildings, such as occupant behavior, is another worthy research effort. On the post-occupancy side, providing an effective monitoring and performance optimization system in building operation is essential to reduce the gap. A secondary gain from having such a system is fully understanding the complex performance matrix of the building.



Most of the works reviewed consider the building energy performance on a yearly basis. However, it is actually time dependent, which means that the gap has seasonal, monthly, daily, and even hourly changes. To date, this characteristic of time dependence has not been adequately studied and therefore warrants future research.



Last but not least, the study of non-technical measures to bridge the performance gap of buildings should not be neglected. Encouraging communication and collaboration among building professionals and better management of the whole building process can go a long way in reducing the performance gap of buildings. The research should shed light on how to achieve exactly that.
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Figure 1. The reported ratios between the calculated energy consumption and the measured energy consumption of the 21 research works reviewed. 
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Table 1. The core literature reviewed in each section.
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Category

	
Reference information






	
Relevant reviews

	
Wilde [5]; Ahmad et al. [21]; Stazi et al. [22]; Yan et al. [23]; Gunay and O’Brien [24]; Harish and Kumar [25]; Foucquier et al. [26]; Vasquez-Hernandez and Alvarez [27]; Olivia and Christopher [28]




	
Definition of the gap

	
Wilde [5]; Baborska-Narozny and Stevenson [29]; Johnston et al. [30]; Menezes et al. [31]; Calì et al. [32]; Peterson and Hviid [33]; Herrando et al. [34]; Demanuele et al. [35]; Fokaides et al. [36]; Burman et al. [37]




	
Magnitude of the gap

	
Wilde [5]; Turner and Frankel [12]; Menezes et al. [31]; Calì et al. [32]; Petersen and Hviid [33]; Herrando et al. [34]; Fokaides et al. [36]; Burman et al. [37]; Magalhães and Leal [38]; Hens et al. [39]; Fedoruk et al. [40]; Marjanovic-Halburd et al. [41]; Tronchin and Fabbri [42]; Stoppel and Leite [43]; Pegg et al. [44]; UCL (University College London) Energy Institute [45]; Green Construction Board and Buildings Working Group of Arup [46]; Galvin [47]; Binks [48]; Salehi et al. [49]; Gupta and Kapsali [50]; Ballarini and Corrado [51]




	
Determination of the gap

	
Wilde [5]; Turner and Frankel [12]; Ahmad et al. [21]; Menezes et al. [31]; Calì et al. [32]; Peterson and Hviid [33]; Herrando et al. [34]; Demanuele et al. [35]; Fokaides et al. [36]; Magalhães and Leal [38]; Hens et al. [39]; Fedoruk et al. [40]; Marjanovic-Halburd et al. [41]; Tronchin et al. [42]; Stoppel and Leite [43]; Pegg et al. [44]; UCL (University College London) Energy Institute [45]; Green Construction Board and Buildings Working Group of Arup [46]; Galvin [47]; Salehi et al. [49]; Gupta and Kapsali [50]; CEN/TR [52]; DIN-V-4108-6 [53]; CEN [54]; CIBSE [55]; Coakley et al. [56]; Kaplan et al. [57]; Bronson et al. [58]; Carroll and Hitchcock [59]; Soebarto [60]; Haberl and Bou-Saada [61]; Lunneberg [62]; Agami et al. [63]; Agami et al. [64]; Raftery et al. [65]; Coakley et al. [66]; Manke et al. [67]; Clarke et al. [68]




	
Causes of the gap

	
Occupant behavior

	
Yan et al. [23]; Menezes et al. [31]; Mehta [69]; http://www.annex66.org [70]; http://www.annex53.org [71]; Warren and Parkins [72]; Haldi and Robinson [73]; Roetzel et al. [74]; Wang et al. [75]; Nicol [76]; O’Doherty et al. [77]; Reinhart [78]; Rijal et al. [79]; Dong et al. [80]; Zhang and Barrett [81]; Zhou et al. [82]; Tanimoto et al. [83]; Andrews et al. [84]




	
Micro-environment

	
http://www.worldweather.org/en/home.html [85]; Akbari and Kolokotsa [86]; Gago et al. [87]; Pyrgou et al. [88]; Kong et al. [89]; Santamouris et al. [90]; Yang and Zhao [91]; Salamanca et al. [92]; Salamanca et al. [93]; Bueno et al. [94]; Bueno et al. [95]; Flor and Dominguez [96]; Gros et al. [97]; Allegrini et al. [98]; Yaghoobian and Kleissl [99]; He et al. [100]; Kruger et al. [101]; Kesten et al. [102]; Han et al. [103]; Hsieh et al. [104]; Bouyer et al. [105]; Yi and Peng [106]




	
Design vs. as-built

	
Stoppel and Leite [13]; Johnston et al. [30]; Asdrubali et al. [107]




	
Solutions to bridge the gap

	
Baborska-Narozny and Stevenson [29]; Johnston et al. [30]; Menezes et al. [31]; Herrando et al. [34]; Demanuele et al. [35]; Burman et al. [37]; Fedoruk et al. [40]; Green Construction Board and Buildings Working Group of Arup [46]; Gupta and Kapsali [50]; Mehta [69]; Corry et al. [108]; Bordass et al. [109]; Robinson et al. [110]; Calì et al. [111]; Niu et al. [112]; Grossmann et al. [113]; Göçer et al. [114]; Cecconi et al. [115]; Gupta and Gregg [116]
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Table 2. Literature reviewed with reported magnitudes of the building energy performance gap.
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	Reference
	Building type
	Country
	Period
	Energy items included
	Lower limit of the reported gap
	Upper limit of the reported gap
	Average value of the reported gap





	Fokaides et al. [36]
	Residential
	Cyprus
	Yearly (two years)
	Electricity, heating oil, and gas
	-
	4
	2.5



	Magalhães and Leal [38]
	Residential
	Portugal
	Yearly
	Heating, cooling, domestic hot water
	-
	-
	22.1 for space heating, 38.3 for space cooling



	Hens et al. [39]
	Residential
	Belgium
	Yearly
	Heating
	1.79
	2.03
	-



	Fedoruk et al. [40]
	Academic/Research
	Canada
	Yearly (from April 2012 to March 2013)
	Space conditioning, domestic hot water, lighting, plug loads
	-
	-
	0.78



	Marjanovic-Halburd et al. [41]
	Office
	UK
	Yearly (2004)
	Heating, cooling, lighting, domestic hot water
	0.7
	0.83
	-



	Tronchin and Fabbri [42]
	Residential
	Italy
	Yearly
	Electricity, natural gas
	1
	2.42
	-



	Herrando et al. [34]
	Academic/Research
	Spain
	Yearly
	Heating, cooling, lighting, natural gas
	0.27
	1.52
	-



	Stoppel and Leite [43]
	Dormitory
	USA
	Yearly
	Heating, cooling, lighting (both interior and exterior), domestic hot water, receptacle equipment, interior fans
	1.9
	2.12
	-



	Menezes et al. [31]
	Office
	UK
	Yearly
	Heating, cooling, lighting, small power, catering equipment
	0.33
	1
	-



	Wilde [5]
	Academic/Research
	UK
	Yearly (from 2011 to 2012)
	HVAC electricity, facility electricity, gas
	-
	-
	0.39



	Calì et al. [32]
	Residential
	Germany
	Yearly (from 2011 to 2014)
	Heating, domestic hot water
	0.26
	1.14
	-



	Petersen and Hviid [33]
	Office
	Denmark
	Yearly (2010)
	Heating (including space heating and domestic hot water), cooling, lighting, ventilation fans, building operation services
	-
	-
	0.65



	Pegg et al. [44]
	School
	UK
	Yearly
	Heating, cooling, lighting, fans, pumps, small power, gas
	0.35
	0.44
	-



	The UCL Energy Institute [45]
	Office
	UK
	Yearly
	Total electricity
	-
	-
	1.71



	Turner and Frankel [12]
	Various
	Presumably USA
	Yearly
	Total energy
	0.35
	4.0
	-



	Arup [46]
	Office
	Unknown
	Yearly
	Cooling, fans, pumps, heating gas, domestic hot water gas
	-
	-
	0.59



	Galvin [47]
	Residential
	Germany
	Yearly
	Heating
	0.27
	0.98
	-



	Binks [48]
	Office
	Australia
	Yearly
	Heating and cooling electricity, space heating gas
	-
	-
	0.82



	Salehi et al. [49]
	Academic/Research
	Canada
	8 months
	Space conditioning, lighting, fans, plug loads
	0.54
	0.6
	-



	Gupta and Kapsali [50]
	Residential
	UK
	Yearly
	Total electricity
	-
	-
	0.56



	Burman et al. [37]
	School
	UK
	Two years (2011–2013)
	Space conditioning, small power, server room load, external lights, lifts
	-
	-
	0.29



	Ballarini and Corrado [51]
	Residential
	Italy
	Yearly
	Heating, domestic hot water
	0.93
	1.36
	-
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